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Preface 



Epitaxy, namely, the growth process of a solid film on a crystalline substrate 
in which the atoms of the growing film mimic the arrangement of the atoms 
of the substrate, is one of the most important issues in thin film technology. 
Especially important is the case of heteroepitaxy, i.e., the epitaxial growth of 
a solid film differing from the substrate crystal with respect to its chemical 
structure. The importance of epitaxy concerns both fundamental research 
on thin film growth processes and the application of these procedures to 
grow high quality crystal layers from different materials for the realization 
of technically important functions. This concerns also the development of a 
series of epitaxial growth techniques applied in different branches of solid 
state electronics, optoelectronics and photonics in manufacturing processes 
of discrete as well as integrated devices. 

Coincident with this development, original research papers and reviews 
devoted to problems concerning epitaxial growth techniques have rapidly 
grown in number and, in addition, they have become very diversified. At 
present several hundred original papers on this subject appear in the litera- 
ture each year. Also a large number of textbooks and scientific monographs 
have been published in recent years on different aspects of epitaxy, which is 
further evidence of the importance of this crystallization phenomenon. The 
importance of epitaxy is also evident in view of the currently observed inten- 
sive development of crystalline nanostructures consisting of quantum wells, 
superlattices, quantum wires and quantum dots grown by epitaxy. These 
structures exhibit a lot of extraordinary properties, known previously only 
through theoretical predictions of the quantum mechanics of solids. In con- 
trast to the large number of publications appearing in the literature each year, 
there is a lack of comprehensive monographs comprising the whole variety of 
problems related to physical foundations and to technical implementation of 
the phenomenon of epitaxial crystallization. 

Taking this into consideration and having learned from our pedagogical 
experience gained by university teaching practice, we decided to write an ad- 
vanced textbook intended for undergraduate students, doctoral students, re- 
search scientists and practicing engineers interested in material science, solid 
state physics, crystal growth, thin film technology and solid state electron- 
ics, including microelectronics, optoelectronics and sensorics. The idea was 
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to provide these readers with a comprehensive, up-dated text of a reasonably 
limited volume, from which they can learn the basic models and modifica- 
tions of epitaxy, together with the relevant experimental and technological 
framework of it. 

This textbook, as part of the Springer Series on Materials Processing^ cov- 
ers both experimental and theoretical aspects of the subject. Its contents can 
roughly be divided into four parts. The first part serves as a general introduc- 
tion giving background information on epitaxy. It begins with a discussion, 
indicating the specificity and different modes of the epitaxial crystallization 
process. This is followed by a detailed presentation of the characteristic fea- 
tures of homo- and heteroepitaxial growth processes as well as of epitaxially 
grown films (epilayers) and film structures. This part of the book is concluded 
with a comprehensive survey of application areas of epitaxy, with special em- 
phasis put on epitaxially grown multilayer structures, including the nanoscale 
low dimensional structures. 

The second part consists of a review of the most frequently used epitaxial 
growth techniques and their technical implementations. Solid phase epitaxy 
(SPE), liquid phase epitaxy (LPE), vapor phase epitaxy (VPE) especially the 
metalorganic vapor phase epitaxy (MOVPE) variant, and molecular beam 
epitaxy (MBE) are presented and discussed in detail. 

The third part introduces the basic ideas related to physical understand- 
ing of the phenomenon of epitaxial crystallization. It begins with an overview 
of the experimental techniques most frequently used for in situ analysis of 
the epitaxial growth processes. Optical and mass spectrometric techniques 
as well as diffraction-based techniques are presented and discussed there in 
detail. Then physical models of epitaxy in the thermodynamic and atomistic 
approaches are reviewed, with emphasis put on the current status of under- 
standing of substrate surface structures and of their influence on epitaxial 
growth processes. 

The fourth part of the book, concluding the main body of it, presents a de- 
tailed discussion of heteroepitaxial growth processes. This part introduces the 
reader into peculiarities of the growth phenomena of nearly-lattice-matched 
heterostructures and of highly strained heterostructures. It presents also the 
principles of artificial epitaxy (graphoepitaxy). Considerations concerning the 
materials-related peculiarities of heteroepitaxy conclude this part of the book. 

At no stage have we made an attempt to trace the history of the described 
phenomena and technological processes, or to refer the reader to all existing 
literature sources. What is done is to focus the reader’s attention on various 
types of observations related to epitaxial growth phenomena and to provide 
their possible explanation in terms of the basic ideas. 

In consideration of the continuing stream of new information concern- 
ing different epitaxial growth techniques, which not only provides additional 
data but also often modifies the interpretation of a particular concept or tech- 
nological solution, we have attempted to be sufficiently fundamental in our 
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IX 



treatment of the subject that the conclusions drawn here will not be super- 
seded. We hope therefore that future publications occurring in the field will 
be easily understood by readers referring to the principles presented here. It 
is worthwhile to emphasize that we did not intend to write this book in the 
form of a critical review of the different subjects of epitaxy. However, our 
evaluation of what is important for understanding epitaxy and recognition of 
its current status is introduced by selection of the relevant topics which are 
presented and discussed in detail. 

In the course of writing we have experienced numerous useful discussions 
and help from many colleagues and coworkers. The cooperation with Springer 
Verlag was very pleasant and the patience of C. Ascheron with the authors 
is noteworthy to mention. In technically finishing the book we would like 
especially to thank Karsten Fleischer for his extraordinary help in mastering 
the LXI^-machinery. 



Berlin, Linz, Roma, Wien Marian A. Herman 

October, 2003 Wolfgang Richter 

Helmut Sitter 
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Part I 



Basic Concepts 




1. Introduction 



In the 19th century mineralogists noticed that two different naturally occur- 
ring crystal species sometimes grew together with some definite and unique 
orientation relationship, as revealed by their external forms [1.1]. These ob- 
servations led to attempts to reproduce the effect artificially, during crystal 
growth from solution, and the first recorded successful attempt was reported 
in 1836 by Frankenheim [1.2], when the now well-known case of parallel ori- 
ented growth, or “parallel overgrowth” [1.3], of sodium nitrate on calcite was 
observed for the first time. Based on the reviews on natural overgrowth phe- 
nomena [1.4] and on structural data from X-ray diffraction studies, Royer 
established in 1928 the conditions for oriented overgrowth, defining the term 
epitaxy (“arrangement on”), too [1.5]. He formulated the following rule of 
epitaxy: “epitaxy occurs only when it involves the parallelism of two lattice 
planes that have networks of identical or quasi-identical form and of closely 
similar spacings” . Experimental data gained later indicated that epitaxy oc- 
curs if the lattice misfit, defined as 100 (af — ag)/as, where Ug and Uf are the 
corresponding network spacings (lattice constants) in the substrate and film, 
respectively, is not larger than 15%. This geometrical approach to the un- 
derstanding of epitaxy, introduced by Royer, has remained prominent to the 
present day [1.6-8]. 

1.1 Epitaxial Crystallization Process 

Epitaxy, in common with all forms of crystal growth, is in fact a well- 
controlled phase transition which leads to a single crystalline solid [1.9]. 
Consequently, formation of an epitaxially grown deposit constitutes the cre- 
ation of a new phase [1.10]. This is accomplished through a nucleation and 
growth relationship between two crystalline phases, which makes it possible 
for a crystalline phase “e” (epilayer) to grow in a structure-dependent man- 
ner onto a crystalline phase “s” (substrate) of given structure. In general, an 
interfacial region which is chemically and structurally inhomogeneous is then 
developed. In principle, in the completed epitaxial growth reaction, there ex- 
ists a two-phase system consisting of two adjacent heterochemical (different 
chemical species) or isochemical (the same chemical species) epitaxial part- 
ners, i.e., the epilayer “e” and the substrate “s” [1.11]. When the two-phase 
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Fig. 1.1. Schematic illustration of the geometrical configuration of the epitaxial 
growth system in different time periods of crystallization; (a) before the growth 
started, (b) in the nucleation period related to growth of the first monolayer, (c) 
at early stage of epitaxy, when a thin epilayer has already been grown, and (d) in 
the time period when regular epitaxial growth proceeds, and a fairly thick epilayer 
has already been grown. (Figure continued next page) 



system is isochemical in composition, then the epitaxial growth process is 
called homoepitaxy. On the other hand, in the case of a heterochemical sys- 
tem, the epitaxial growth process is called heteroepitaxy. 

The phenomenon of epitaxial crystallization is based on a few key pro- 
cesses, which lead to “parallel oriented” growth of a single crystalline layer on 
a crystallographically oriented single crystal surface. First, and most general, 
is the phase transition between the metastable phase (gas, liquid, or solid) 
and the epilayer which has to be grown. This is usually related to mass trans- 
port of the constituent species from the bulk of the metastable phase toward 
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Fig. 1.1. (continued) Note that at the stage (d) the nuclei grow by homoepitax- 
ial mode, while the heteroepitaxial interface has largely lost its influence on the 
growth process occurring on the upper surface of the epilayer. The key processes 
of epitaxial growth, i.e., perpendicular mass transport from the bulk of the phase 
A toward the crystallization interface, lateral mass transport by surface migration 
related to epitaxial ordering, desorption/melting from the crystallization area (the 
transition layer) toward the bulk of the metastable phase A, are indicated; however, 
the dimensions of the areas shown in the flgure are not to scale 
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the growth front, which we will call hereafter the crystallization interface. In 
order to keep the crystallization process running, the driving force of crys- 
tallization, i.e., the local supersaturation of the metastable phase, should be 
ensured in the area of this interface. The growth process in epitaxy is by def- 
inition related to atomic ordering, which leads to creation of the first atomic 
or molecular monolayer of the growing him. Atomic ordering is a surface ki- 
netic process, which is strongly dependent on the structure and the chemical 
activity of the substrate surface. A schematic illustration of the geometrical 
conhguration of the epitaxial growth system, in different time periods, which 
indicates the key processes related to epitaxy, is shown in Fig. 1.1. 

The epilayer grown on the substrate crystal surface may be formed from 
amorphous solid deposits, from a liquid phase, i.e., a solution or a melt, from 
the vapor or gas (consisting of neutral or ionized particles) and from atomic or 
molecular beams (in a high- or ultra high vacuum environment (UHV)). With 
respect to the crystallization phase involved in the growth of the “e” phase, 
the following classification names are used, at present, for the epitaxial crys- 
tallization processes: solid phase epitaxy (SPE), liquid phase epitaxy (LPE), 
vapor phase epitaxy (VPE), with its special modification called metalorganic 
chemical vapor phase Epitaxy (MOVPE) or organo-metallic VPE (OMVPE), 
and molecular beam epitaxy (MBE). 



1.2 Growth Modes in Epitaxy 

The growth process of thin epitaxial films is essentially the same as that of 
bulk crystals [1.12], except for the influence of the substrate at the initial 
stages. This influence comes from the misfit and thermal stress, from the 
defects appearing at the crystal-film interface and from the chemical inter- 
actions between the him and the substrate including segregation of the sub- 
strate elements towards the him surface [1.13]. Eive possible modes of crystal 
growth may be distinguished in epitaxy. These are: the Volmer- Weber mode 
(VW-mode), the Frank-van der Merwe mode (FM-mode), the Stranski- 
Krastanov mode (SK-mode), the columnar growth mode (CG-mode), and 
the step how mode (SF-mode). The mode by which the epitaxial him grows 
depends upon the lattice misht between substrate and him, the supersatu- 
ration (the hux) of the crystallizing phase, the growth temperature and the 
adhesion energy. 

The hve most frequently occurring modes are illustrated schematically in 
Fig. 1.2 [1.14-17]. In the VW-mode, or island growth mode, small clusters are 
nucleated directly on the substrate surface and then grow into islands of the 
condensed phase. This happens when the atoms, or molecules, of the deposit 
are more strongly bound to each other than to the substrate. This mode is 
displayed by many systems of metals growing on insulators, including many 
metals on alkali halides, graphite and other layer compounds such as mica. 
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(a) (b) (c) (d) (c) 



Fig. 1.2. Schematic representation of the hve crystal growth modes most frequently 
occurring on flat surfaces of substrate crystals, (a) Layer-by-layer or Frank- van der 
Merwe (FM-mode); (b) step flow (SF-mode); (c) layer plus island or Stranski- 
Krastanov (SK-mode); (d) island or Volmer- Weber (VW-mode); (e) columnar 
growth mode (CG-mode). O represents the coverage in monolayers 



The FM-mode displays the opposite characteristics. Because the atoms 
are more strongly bound to the substrate than to each other, the first atoms to 
condense form a complete monolayer on the surface, which becomes covered 
with a somewhat less tightly bound second layer. Provided the decrease in 
binding strength is monotonic toward the value for a bulk crystal of the 
deposit, the layer growth mode is obtained. This growth mode is observed 
in the case of adsorbed gases, such as several rare gases on graphite and on 
several metals, in some metal-metal systems, and in semiconductor growth 
on semiconductors. 

The SK-mode, or layer plus island growth mode, is an “intermediate” 
case. After forming the first monolayer, or a few monolayers, subsequent layer 
growth is unfavorable and islands are formed on top of this intermediate layer. 
There are many possible reasons for this mode to occur and almost any factor 
which disturbs the monotonic decrease in binding energy characteristic for 
layer-by-layer growth may be the cause [1.15]. It occurs especially in cases 
when the interface energy is high (allowing for initial layer-by-layer growth) 
and the strain energy of the film is also high (making reduction of the strain 
energy by islanding favorable). In the InAs/GaAs material system the SK- 
mode leads, for example, to formation of dot arrays (Fig. 1.3) on the substrate 
surface [GaAs(lOO)], as an energetically metastable system with a preferred 
island size [1.18]. 

The fifth growth mode, the GG-mode, shows some similarities with the 
SK and VW modes, however, it is fundamentally different. In SK-mode as 
well as in VW-mode, when the film thickens, the condensed phase islands 
characteristic to these modes tend to merge and to cover the whole substrate 
surface. Although the grown film may exhibit variations in its thickness and 
presence of structural defects at the interfaces where adjacent islands merge, 
it forms a connected structure, in which the density of the film is a contin- 
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Fig. 1.3. Plan-view TEM images of InAs quantum dots in a GaAs matrix. Aver- 
age thickness of InAs deposited is: (a) dav = 0.6 nm and (b) dav = 1.2 nm. Note 
the preferential alignment of dots in rows parallel to <100> in (b). The markers 
represent 100 nm (taken from [1.18]) 



uous function of the position. In contrast, the film grown by the CG-mode 
usually thickens without the merger of columns. As a result, columns usu- 
ally remain separated throughout the growth process of the film, and the 
films grown in this way are easily fractured [1.19]. The CG-mode occurs 
where low atomic mobility over the substrate surface leads to the forma- 
tion of highly defective atomic columns of the deposited material on this 
surface [1.8]. In special growth conditions, however, the film grown by the 
CG-mode on a highly lattice mismatched substrate crystal may consist of an 
array of whisker-like nanocrystals (typically about 60 nm in diameter) of high 
crystal quality, as indicated by X-ray diffraction data [1.20], isolated from 
each other. Figure 1.4 shows a SEM micrograph of a GaN layer exhibiting 
columnar structure in the form of whisker-like nanocrystals, grown directly 
on Si(lll) surface. 




Fig. 1.4. SEM micrograph of a GaN layer grown directly on Si(Ill) substrate, 
exhibiting a columnar structure in the form of whisker-like nanocrystals (taken 
from [1.20]) 






1.2 Growth Modes in Epitaxy 



9 



[ 100 ] 





Fig. 1.5. Schematic illustration of how sur- 
face steps occur (lower panel) by slightly 
misorienting the (100) surface (upper panel) 
of a substrate crystal (taken from [1.16]) 



Beside the described growth modes, in many cases of high quality epitaxy 
the second mode, the so-called step-flow growth mode (SF-mode), is observed 
[1.21-24]. When the substrate wafer is cut slightly misoriented from a low- 
index plane in a specific direction, its surface breaks up into monoatomic 
steps with precisely oriented low-index terraces and edges (Fig. 1.5). The 
terrace surfaces, free of steps, have an average width of I (Fig. 1.7) depending 
on crystallographic misorientation. They are created by the vicinal atomic 
planes of the crystal lattice of the substrate wafer. Two-dimensional (2D) 
nucleation may occur on the vicinal planes (the terraces) when the substrate 
temperature is sufficiently low, or the flux of the constituent elements of the 
growing film is high enough to prohibit fast surface migration of the species 
adsorbed on the terraces. In this case the film may grow on the terraces in the 
FM or SK mode (Fig. 1.7, right). However, when the substrate temperature 
is high enough or the flux is sufficiently low, then the adatoms can be so 
mobile, in comparison with their encounter probability, that they become 
incorporated directly into the step edges. In this case growth of the epitaxial 
film occurs by the advancement of steps along the terraces (Fig. 1.7, left). 

The transition between FM and SF growth may be easily controlled by 
monitoring intensities of either reflection high energy electron diffraction 
(RHEED) [1.16], reflectance anisotropy spectroscopy (RAS) [1.25] or grazing 
incidence X-ray scattering (GIXS) [1.26]. In the FM mode intensity oscilla- 
tions occur which are caused by the periodic morphological change (see Sect. 
7.3.2 and 10.2.2) between (2D) nucleation and completion of a monolayer. 
As a direct consequence the RHEED intensity oscillates and similar oscil- 
lations occur in the RAS signal which samples the morphologically induced 
changes in the anisotropic dielectric function. Harbison et al. were the first 
to observe the analogy between RHEED oscillations and RAS oscillations 
during MBE growth of AlAs on a AlAs(OOl) surface [1.27], as shown in 
Fig. 1.6. The RAS oscillation period observed is identical to that of RHEED 
and thus proves that RAS is also sampling monolayer growth. There is, how- 
ever, a phase shift between both oscillations. This is not surprising since 
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Fig. 1.6. Averages of nine RHEED and RAS traces upon initiation of AlAs growth 
on an As-stabilized (2x4) AlAs surface. The time needed to grow one monolayer is 
1.5 s (taken from [1.27]) 



RHEED samples the variation in surface roughness during island formation, 
while RAS measures the corresponding variation in the anisotropic dielectric 
response. The latter exhibits dispersion, and consequently the phase shift is 
experimentally observed to change with wavelength, too [1.25]. 

However, under conditions where adatoms are predominantly incorpo- 
rated into existing steps (SF-mode) the surface morphology does not change 
(left panel) and the RHEED/RAS/GIXS intensity from the growing surface 
is approximately constant. This relation between the surface morphology and 
the RHEED/RAS/GIXS intensity behavior is shown schematically in Fig. 1.7. 

While in a UHV environment, all three techniques may be equally well ap- 
plied, in non-UHV environments (VPE) only the RAS or GIXS technique are 
able to monitor the morphological changes of the growing epilayer. Thereby, 
the RAS technique being the technically most simple method. 





Fig. 1.7. Schematic illustration of the two layer-by-layer growth modes. Left panel: 
step flow (diffusion length Is > terrace width 1); right panel: island nucleation on 
the terraces {Is < 1) (taken from [1.21]) 





2. Homo- and Heteroepitaxial Crystallization 
Phenomena 



It is experimentally well documented that thin film deposits are formed by 
a “nucleation and growth” mechanism [2.1]. Due to their growth, nuclei, 
i.e., small embryonic clusters of atoms or molecules, agglomerate to form “is- 
lands”. As growth proceeds, agglomeration increases, chains of islands are 
later formed and join up to produce a continuous deposit which, however, 
still contains channels and holes. These holes eventually fill to give a contin- 
uous and complete film and further growth leads to smoothing of the surface 
irregularities present in the deposit. 

It has also evolved from thin film growth experiments that recrystalliza- 
tion by a grain boundary migration process occurs during growth [2.1]. Grain 
boundaries are formed in the necks between coalescing islands of differing 
orientations and are constrained to remain in an island until the coalescence 
neck is eliminated. 

In principle, epitaxy involves similar nucleation and nucleus- growth pro- 
cesses; however, in this case these processes occur on a given crystalline sub- 
strate surface. In consequence, understanding and controlling the process of 
layer formation by epitaxy implies in each case a knowledge of the nucleation 
and nucleus-growth laws [2.2]. 



2.1 Nucleation and Epitaxy 

Nucleation is the spontaneous formation of small embryonic clusters (nuclei), 
with some critical size determined by the equilibrium between their vapor 
pressure and the environmental pressure (Fig. 2.1). The nuclei form in the 
metastable supersaturated or undercooled medium (phase A). Their appear- 
ance is a prerequisite for a macroscopic phase transformation to take place 
[2.2“6]. This means that nucleation is the precursor of crystal growth and of 
the overall crystallization processes. Due to their increased surface/ volume 
ratio such clusters, termed critical nuclei, have more energy than the bulk 
phases of the same mass. Hence, they have a chance to survive and to produce 
macroscopic entities of the new stable phase (B) only within the supersatu- 
rated/undercooled homogeneous medium. It should be noticed that the equi- 
librium between the critical nucleus and its environment is unstable provided 
that the volume of the whole system is not very small. Figure 2.1 represents 
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Fig. 2.1. Vapor pressure of 
small droplets in relation to 
their size (taken from [2.2]) 



the relationship between the vapor pressure of liquid droplets and their size 
[2.5]. If by any chance the radius Vcv of the droplet, defining its critical size, 
increases slightly, the droplet will continue to grow until a macroscopic two 
phase equilibrium is attained. In the reverse case, the droplet will disappear. 
In other words, minor fluctuations of the critical radius release an irreversible 
process destroying the initial state of the system. This indicates that the en- 
ergetics of phase formation in an initially homogeneous medium is governed 
by the energetics of the critical nucleus. The described process occurring in 
a homogeneous medium is called homogeneous nucleation. Despite the fact 
that homogeneous nucleation is a comparatively rare occurrence, its basic 
principles form the necessary background for the understanding of thin film 
formation, in general, and epitaxy in particular. 

In the case of heterogeneous nucleation, the particle clusters forming the 
critical nuclei of phase A do not occur in the homogeneous medium A but 
within the matrix of adsorbed particles of medium A on the substrate crystal, 
i.e., on the phase B. Consequently, the heterogeneous nucleation should be 
treated as a temporal sequence of two processes, namely: (i) formation of 
adsorbed material of the phase A on the surface of substrate 5, which is 
in sufficiently long-lasting contact with the surrounding phase A^ and (ii) 
formation of a critical nucleus from the adsorbed particles and its subsequent 
growth to a supercritical size [2.6]. These two processes, i.e., nucleation and 
growth, can be juxtaposed in time and the amount of the condensed phase 
at any time will be naturally determined by some sort of convolution. 

The relevance of nucleation processes to epitaxy, with respect to the pro- 
duction of high quality epitaxial layers (epilayers) concerns, first of all, the 
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Fig. 2.2. Schematic illustration of the three intergrowth relations between “e” 
and “s” : (a) deposit is fully non-oriented, (b) texture orientation where the deposit 
plane is parallel to the substrate surface, (c) deposit exhibits texture and azimuthal 
orientation, i.e., an epitaxial relation, to the substrate (taken from [2.7]) 



island growth (VW-mode and CG-mode) and layer growth (FM-mode and 
SK-mode) cases. In contrast to this the step-flow growth mode (SF-mode) 
does not require nucleation. 

Epitaxial nucleation is a special case of heterogeneous nucleation in which 
different kinds of intergrowth relations between the deposit phase A and the 
substrate phase B may occur. The orientation behavior of the growing layer 
“e” on a substrate single crystal “s” may not only be influenced by nucleation 
of the deposited phase A, but also by the subsequent growth of the phase A 
on the crystalline surface of the phase B [2.1]. In fact, it is possible to divide 
epitaxial layers into two groups, for the first of which the orientation is con- 
trolled by initial nuclei, and in the second of which the subsequent growth is 
the controlling parameter [2.2]. In Fig. 2.2 three possible, basically different 
kinds of intergrowth relations between “e” and “s” are schematically shown. 
According to Fig. 2.2a the deposit crystallites are completely non-oriented 
with respect to the substrate crystal surface. According to Fig. 2.2b an ori- 
entation of texture may exist, that is, the deposit crystallites all grow with 
the same stable low index lattice plane on the substrate surface. They are, 
however, not oriented with respect to each other. Finally, in Fig. 2.2c deposit 
crystallites and the crystallites of the substrate show both the textural and 
azimuthal orientation towards one another. It has to be emphasized that only 
these latter orientation relationships are designated as epitaxial. This holds, 
in principle, despite the fact that in many cases of so called hard heteroepi- 
taxy [2.8] (this means epitaxial growth of a solid film differing strongly from 
the substrate crystal in, at least, one of the following parameters: lattice con- 
stant, crystal structure, and chemical structure) neither the crystallographic 
orientation of the epilayer can easily be predicted, nor can simple solutions 
be given a priori to problems like, e.g., how one can get a certain surface 
orientation of the epilayer by choosing suitable growth conditions if different 
surface orientations may grow [2.9]. 

Let us now discuss briefly the two groups of epitaxial growth modes where 
nucleation plays a considerable role. In the island growth case, there has 
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been a strong move in recent years to consider epitaxy as a postnucleation 
phenomenon [2.10]. Indeed, since critical nuclei are quite stable, can reorient 
themselves and move over the substrate, one can conclude that it is largely the 
migration, rotation and coalescence of small stable crystallites that eventually 
produce an epitaxial layer. This type of movement has been seen by many 
authors and has been made into a quantitative study by Masson, Metois, Kern 
[2.11] and co-workers. Metois et al. [2.12] have shown that in the case of Au- 
on-KCl(lOO) growth at low temperature (20° C) the (100) gold orientation 
results, on annealing at T > 200° C from the coalescence of (111) oriented 
islands that migrate into each other and coalesce. There is thus no doubt that 
cluster (nuclei) rotation and migration processes are important in establishing 
epitaxial orientation. All the experiments performed by Masson et al. [2.11] 
are in the form of a low-temperature deposition followed by annealing. If 
deposition were carried out at higher temperature, as would normally be the 
case in the production of epitaxial layers, these processes must be going on 
during deposition. However, migration-coalescence processes are usually not 
necessary to establish epitaxy in a high-temperature deposition. Clusters are 
often seen to be in epitaxial orientation at all stages of the deposition, and 
cluster rotation and some migration without significant coalescence is all that 
is required [2.10]. 

In the layer- growth regime, the indications are that epitaxy results in al- 
most all circumstances provided the substrate surface is clean enough. In this 
regime the substrate has a very strong influence on the form of the thin layer 
produced, and the growing layer has little option but to choose the best (i.e., 
necessarily epitaxial) orientation in which to grow. The example of this is a 
low energy electron diffraction (LEED) examination of the growth of xenon 
crystals on iridium [2.10]. The xenon crystals grow in (111) orientation on 
both the 1x1 and the 1x5 Ir(lOO) surface structures but in quite different 
azimuthal orientations in the two cases. The slowest growing face of xenon 
will also be (111), which is parallel to the substrate. Another case which is 
similar to the Xe-on-Ir growth is the growth of cadmium crystals on tungsten. 
The only difference is that the slowest growing face (0001) is not necessar- 
ily parallel to the tungsten surface. Thus, these epitaxial layers will not be 
smooth as in the case of Xe-on-Ir growth. 

In the case of epitaxial growth on a substrate surface which is contami- 
nated by precovering adsorbates, the impurities, even in very small concen- 
tration (e.g., less than 0.01 monolayer), can destroy smooth layer-by-layer 
growth (the EM- mode). The impurities could affect the nucleation kinetics, 
or the subsequent growth by reducing the binding energy at kink sites, or 
conceivably by favoring twin or stacking fault formation. This case has been 
exhaustively analyzed by Paunov [2.13], who has applied a simple lattice 
model to consider the influence of impurity adsorption on the epitaxial layer 
growth mode. The most important conclusions resulting from this work may 
be formulated as follows: 
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(i) the growth on a preadsorbed foreign substrate (on the adsorbed layer) 
takes place practically as on a clean substrate, because the exchange 
processes between incoming atoms and adsorbate particles keep the 
adsorbate predominantly on the top of the growing surface rather than 
in the bulk of the layer (compare this with the role of surfactants on 
the growth mode of lattice mismatched epilayers, which is discussed in 
Sect. 14.1.4); 

(ii) the adsorbate changes drastically the chemical potential of the under- 
lying layer rendering it close to the chemical potential of an infinitely 
large three-dimensional crystal; 

(iii) the driving force of the surface segregation process is the free energy 
difference between the bulk and the “on the surface” configuration of 
the system. 

The relation between nucleation processes and occurrence of epitaxy is 
still a subject of investigation. This concerns both the theoretical as well as 
experimental work. However, in the island growth case, experimental data 
strongly suggest that epitaxy is a postnucleation phenomenon involving ro- 
tation, migration, and rearrangement of stable critical nuclei. In the layer 
growth case, it seems probable that one can destroy epitaxy by influencing 
the growth process at a later stage with impurities or defects incorporated 
into the growing layer. The initial layers are, however, more or less forced 
to be related epitaxially to the substrate, provided that surface diffusion is 
sufficiently rapid that one is not dealing with the growth of amorphous layers. 



2.2 Defects in Epitaxial Layers 

Epitaxially grown layers usually contain many crystalline defects, a fact which 
results, first of all, from constraints imposed on the deposit by the substrate. 
Their physical properties and their densities, however, determine to a large 
extent the physical properties of the real epitaxial layer. It is therefore es- 
sential to know their properties, the way they originate and how they can 
be controlled or utilized perhaps in a useful manner in the epitaxial growth 
procedure. 

The defects considered here are the usual crystalline imperfections such as 
point defects, dislocations, stacking faults and twins. In ordered alloys and 
in compound epilayers superdislocations and antiphase domain boundaries 
are also found [2.12]. The definite types of defects occurring in the epilayer, 
especially in the interface area between the epilayer and the substrate, are to 
some extent influenced by the growth mode by which the epilayer has been 
crystallized. However, the dominant source of imperfections in epilayers is 
the misfit between the layer and the substrate crystal lattices. If the misfit 
is small, the defects arise mainly as a result of coherence loss between “e” 
and “ 5 ”; however, when the misfit is large, the defects arise predominantly 
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from the lack of exact lattice registry between heterogeneously nucleated 
epilayer particles. In intermediate situations both factors are expected to be 
important. Therefore, unless special heat treatments are employed following 
the growth process, it is unrealistic to expect to obtain defect-free epilayers. 
In order to be more precise, let us define the most important defects occurring 
in epilayers. In doing this we follow the reviews of Stowell [2.14] and Sharan 
et al. [2.15], as well as the book by Watts [2.16]. 



2.2.1 Point Defects 

If the regular array of atoms of a crystal (epilayer) is interrupted by an im- 
perfection that can be inscribed in a small sphere, the imperfection is called 
a point defect. Intrinsic point defects involve atoms of the host crystal only. 
Examples are vacancies, which are missing host atoms, and self-interstitials, 
consisting of squeezed-in additional host atoms. Extrinsic point defects in- 
volve atoms chemically different from the host crystal, such as unintentionally 
introduced impurities or intentionally introduced atoms used for electrical 
doping [2.16]. Much is known about the structure of point defects in crys- 
tals, and also in epilayers, largely through spectroscopic studies. However, 
extended studies are still undertaken for relating the occurrence of defects 
to the growth parameters chosen for crystallization, what is especially true 
when growth of epitaxial structures has to be performed [2.17]. 

One of the simplest point defects are impurity atoms in an otherwise 
perfect crystal lattice. The important question which arises in the case of 
impurity point defects is how many of the impurities can be incorpo- 
rated in a perfect crystal “C”. Answering this question is often a serious 
thermodynamic problem, to which the solution may be found through con- 
sideration of the relevant phase diagrams (i.e. the relation of temperature 
versus composition of the crystal) describing the thermodynamic properties 
of the I-C system, in which I is soluble in C to some extent, but C is not 
soluble in / at all. The incorporation mechanism and the atomic structure 
of a point defect (which can be created, in general, by other imperfections of 
the crystal lattice) can be definitely established only by analysis of spectra 
(optical and electrical) characteristic of this defect. The knowledge of the 
behavior of point defects in epilayers is extremely important in cases when 
structures consisting of differently doped layers, like p-n junctions or n-i-p-i 
superlattices, have to be grown epitaxially. 

2.2.2 Dislocations 

A dislocation is a line defect in a crystal and is characterized by a vector 
I which defines (locally) the direction of the dislocation line, and by a vec- 
tor 6, the Burgers vector, which defines the atomic displacement needed to 
generate the dislocation from a perfect lattice (Fig. 2.3). The vector I may 
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Fig. 2.3. Dislocation loop showing line vec- 
tor I and Burgers vector b (taken from 
[2.14]) 



vary along the dislocation line, but b is invariant. Perfect dislocations have 
Burgers vectors that are translation vectors of the lattice. Imperfect or par- 
tial dislocations can exist, having Burgers vectors that are not translation 
vectors of the lattice; they are always associated with other imperfections 
such as stacking faults or antiphase boundaries. An important feature of a 
dislocation is its elastic strain field, and because of this dislocations are ob- 
servable in an electron microscope. Atomic planes are significantly distorted 
in the vicinity of a dislocation, causing electrons to be diffracted more or less 
strongly than from the surrounding, more perfect crystal. 

In the case of epitaxy one is concerned with dislocations in very thin 
crystals. In this case the method of imaging dislocations by the Moire fringe 
technique (Fig. 2.4) is very useful [2.18]. The possibilities for dislocations to 
occur in epilayers during the growth have been discussed by Pashley in [2.19]. 
These are: 

(i) the extension of substrate dislocations, 

(ii) the accommodation of translational and rotational displacements be- 
tween agglomerating islands that are close to epitaxial orientation, 

(iii) the formation of dislocation loops by the aggregation of point defects, 
and 




Fig. 2.4. Optical analog showing the appearance of a dislocation in a Moire image 
(taken from [2.14]) 
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(iv) plastic deformation of the epilayer, both during the growth and sub- 
sequent cooling and removal from the substrate. 



2.2.3 Stacking Faults 

A stacking fault is a planar defect across which the crystal has been displaced 
by a vector that is not a lattice translation vector. If a single stacking fault 
terminates within a perfect crystal, it must be bounded by a dislocation loop, 
the Burgers vector of which is also not a translation vector of the lattice; such 
dislocations are called “imperfect” or “partial” . For example, in the fee (face- 
centered cubic) lattice, stacking faults occur on {111} planes and are bounded 
by dislocations having Burgers vectors of the type 1/6 <112> or 1/3 <111>. 
In the former case, the fault is produced by shear on a {111} plane, whereas in 
the latter case removal or insertion of a layer of atoms is required so that the 
displacement is normal to the faulting plane. This is illustrated in Fig. 2.5, in 
which the conventional “abc” terminology representing the stacking sequence 
of atom planes in the fee lattice is used. A fault made by the removal of a 
partial atomic layer is called “intrinsic” (Fig. 2.5a), and the insertion of an 
additional layer of atoms yields an “extrinsic” stacking fault (Fig. 2.5b). From 
the view point of the stacking sequence, an extrinsic fault in the fee lattice 
is equivalent to two intrinsic faults on adjacent {111} planes. Stacking faults 
can be created by the dissociation of perfect dislocations into two partial 
dislocations bounding a stacking fault; in this case, the sum of the Burgers 
vectors of the partials equals that of the perfect dislocation. 

Stacking faults are made visible in transmission electron microscope im- 
ages by virtue of the phase shift, which occurs across the fault; this gives 
rise to a series of interference fringes parallel to the crystal surface. In Moire 
images, stacking faults produce a displacement of the fringes across the fault. 
This is illustrated in Fig. 2.6. 
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Fig. 2.5. Stacking sequence of (111) planes giving rise to: (a) intrinsic, and (b) 
extrinsic stacking faults (taken from [2.14]) 
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Fig. 2.6. Moire images containing stacking faults. Note that in island X the fringes 
normal to the stacking fault are not displaced (taken from [2.14]) 



Electron microscope observations of epitaxial metal films revealed that 
stacking faults were often observed in very large numbers. Also observations of 
Si layers grown on Si demonstrated that stacking faults were the predominant 
type of defect. Several possibilities have been suggested for the origin of these 
faults, most of which coincide with those that have already been discussed in 
relation to dislocations. The most likely explanations are the following two: 

(a) the accommodation of misfit between coalescing islands and 

(b) the aggregation of point defects to form loops or tetrahedra of stacking 
faults. 

2.2.4 Twins 

In perfect epitaxial layers all crystal unit cell sides are strictly parallel to 
the corresponding unit cell sides of the substrate. However, frequently also 
symmetrical overgrowth on single crystalline substrate surfaces are observed, 
in which occasionally only one of the cell sides (on the face or edge) is in 
common with the relevant substrate cell side, though the one individual may 
be oppositely directed relative to the other. Such symmetric overgrowths, 
which are not accidental but statistically determined, are called twins . The 
twinned individuals may be transformed into one another by operation on 
symmetry elements of the twin, i.e., twin planes and/or twin axes [ 2 . 18 ]. 

A twin is characterized by a reflection of atomic positions across the twin- 
ning plane. For example, in fee crystals and those with diamond or sphalerite 
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Fig. 2.7. (a) Stacking of (111) planes in a fee crystal showing an embedded twin, 
(b) schematic diagram of an order twin for A (•) and B (o) atoms in a compound 
AB (taken from [2.14]) 



structures (called also zincblende structures), the twinning plane is {111}, 
and one may use the “abc” stacking notation to represent the relative atom 
positions in matrix and twin. The stacking sequence of a (HI) twin embed- 
ded in a matrix is shown in Fig. 2.7a. Here the (111) planes AB and DC 
are called “coherent” twin planes; nearest neighbor atom distances are un- 
changed across these planes. Planes such as BC are called “incoherent” twin 
planes in view of the fact that the two lattices do not fit exactly at them, with 
the consequence that there is considerable atomic misfit. If a twin platelet 
terminates within a crystal, or in a fairly thick epilayer, it must do so at an 
incoherent boundary. 

As already mentioned, in fee crystals and those having the diamond or 
sphalerite structures, twins always occur on (111) planes. In (OOl)-face crys- 
tals, however, four sets of orthogonal twins are usually seen in epitaxial de- 
posits. These can often be mistaken for thin stacking faults when viewed in 
an electron microscope because they give rise to fringes in the electron im- 
age that are similar to (but not identical with) those produced by stacking 
faults. Differentiation between stacking faults and very thin twins demands 
that detailed contrast experiments be carried out [2.14]. However, thick twins 
can readily be distinguished by reference to the electron diffraction pattern, 
which will exhibit extra reflections if twins are present. 

There is evidence that, for both dislocations and stacking faults, the trans- 
lational and rotational misfits between coalescing islands play an important 
part in the generation of these defects; it appears that in many cases twins 
originate as a consequence of these misfits. Twins might form to accom- 
modate translational misfit between coalescing islands, and, although twins 
have been observed by in situ electron microscope methods to form when 
islands coalesce, the details of the way displacement misfits are manifested 
in microtwins are still a subject of investigation. This concerns especially the 
cases when alloys and compounds are grown epitaxially. Figure 2.7b shows 
schematically a twin in a layered structure of the CuAuI crystal, where the 
boundary between neighboring layers is a twin boundary. Another example 
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Fig. 2.8. Electron micrographs of 
microtwins in an epitaxially grown 
Au(lOO) layer (taken from [2.14]) 



which is shown in Fig. 2.8 for an Au(lOO) epilayer concerns twins occurring 
in metallic epitaxial layers. 

Let us now discuss some of the defects peculiar to alloys and compound 
structures, namely, the antiphase domain boundaries (APB) and so called 
“superdislocations”. It is obvious that normal dislocations, stacking faults 
and twins may also occur in these epitaxially grown material systems. 



2.2.5 Antiphase Domain Boundaries 

Consider first what is meant by an antiphase boundary. This is illustrated 
for a two-dimensional simple cubic compound of A and B atoms in Fig. 2.9. 
Within the region outlined by the dashed square, A and B atoms have been 
interchanged so that across the dashed boundary A atoms face A atoms. This 
interface is an APB and encloses an antiphase domain. 

Additional factors evolve from consideration of APB defects in non- 
centrosymmetrical ordered crystals, such as compounds of group III-V (e.g., 
GaAs or InP) and II- VI (e.g., CdTe or ZnSe) elements, which can solidify 
with the sphalerite structure; this gives an ordered superlattice in which in- 
terpenetrating fee lattices of A and B atoms are displaced by 0.25 uq <111> 
(ao means here the lattice constant of the compound AB). The (110) section 
of the ordered sphalerite lattice is shown in Fig. 2.10. Two distinct surfaces 
can exist that contain either all A or all B atoms. Holt [2.20] examined 
theoretically the defect structures in this lattice and showed that two differ- 
ent types of APB are possible. These are illustrated in Fig. 2.11. An APB 
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Fig. 2.9. Two-dimensional ordered 
crystal lattice of A (•) and B (o) 
atoms showing an antiphase domain 
boundary (APB) defect and a “su- 
perdislocation” (taken from [2.14]) 



A(lll) 




Fig. 2.10. Sphalerite structure injT^ (110) projection showing two possible 111 
surface types, the (lll)A and the (lll)H surfaces (taken from [2.14]) 



at which there are equal numbers of wrong A-A and B-B bonds (a Type I 
APB) is drawn in Fig. 2.11a, whereas in Figs. 2.11b and c, respectively, only 
wrong B-B and A-A bonds exist (Type II APBs). The latter type of APB 
is important in that it represents a two-dimensional excess of one class of 
atoms in the crystal; it may be viewed as a thin planar precipitate. In com- 
pounds grown under nonstoichiometric conditions, this type of defect may be 
prominent. 

2.2.6 “Superdislocations” 

Considering permissible glide displacements in the crystal lattice shown in 
Fig. 2.9, one may conclude that the passage of a dislocation with Burgers 
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Fig. 2.11. Antiphase boundaries in 
the sphalerite structure [shown in the 
(110) projection]. Zig-zag lines de- 
note wrong bonds, (a) Type I APB 
on the (11^) plane; (b) type II APB 
on the (1 11) plane involving wrong 
B-B bonds only and an excess of 
B atoms; (c) type II APB involving 
wrong A-A bonds with an excess of 
A atoms (taken from [2.20]) 



vector ^ [01] on a (01) plane creates an APB in its wake. In order not to create 
such a boundary, a dislocation must have a Burgers vector such as [01]; this 
is called a “superdislocation”. A [01] superdislocation may dissociate into a 
^[01] pair that bounds an APB, as in the upper part of Fig. 2.9. It is also 
evident from the lower part of this figure that, if an APB terminates within 
a single crystal, it does so at a dislocation. 



2.2.7 Misfit Dislocations 

In the interface area of lattice mismatched heteroepitaxial layers usually mis- 
fit dislocations (MD) [2.14, 15,21,22] occur. These dislocations are termed so 
because of their geometrical function in accommodating the misfit between 
“e” and “ 5 ” crystals. This is demonstrated in Fig. 2.12, where the lattice 
constant is less than a.^. Accordingly, there are unpaired atomic planes 
which terminate at the interface from above and which constitute the MDs. 
Geometrically, the misfit is said to be accommodated by MDs. 
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P ao 




Fig. 2.12. A pure misfit dislocation geometry of edge type at interface PQ of 
crystals O (epilayer) and S (substrate), with lattice constants ao<ag (taken from 
[ 2 . 21 ]) 



In order to comply properly with the concept of a dislocation, significant 
strain should be localized in a small region around the dislocation. This is 
also the criterion that a sharp image of the dislocation can be formed in 
transmission electron microscopy. Basically, it requires the bonding across 
the interface to be strong enough. In the extreme case when the bonding is 
weak, there will simply be a misfit vernier and insufficient elastic strains to 
define MDs. 

The dislocations shown in Fig. 2.12 are edge type, with their Burgers vec- 
tor h in the interface and normal to the dislocation line. However, dislocation 
may also glide into the interface from either crystal on an oblique glide plane. 
The corresponding Burgers vector will then generally be at an angle both to 
the dislocation line and the interface (usually three types of such dislocations, 
namely, 45°, 60°, and 90° MDs may occur in the heteroepitaxy of cubic crys- 
tals [2.14, 15]). Only the projection on the interface of the edge component is 
available to accommodate misfit which originates from a difference in atomic 
spacings. When misfit includes symmetry differences, or when the crystals are 
twisted about a normal to the interface, MDs may be partially or completely 
of screw character. A MD can also dissociate into partials or react with other 
dislocations according to fixed rules. An example of how MDs penetrate het- 
eroepitaxial layers is shown in Fig. 2.13 for the case of the GaAs-on-Si system 
[2.15], 
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Fig. 2.13. Schematic representation of the generation of misfit dislocations in 
a semiconductor heterostructure: the dislocation loop which nucleates at the free 
(001) surface and glides in the {111} plane of the epilayer-substrate interface (taken 
from [2.15]) 



2.3 Peculiarities of Epitaxially Grown Layers 

There exist significant differences in growth phenomena and in structural, 
electrical and optical properties between homoepitaxial layers and heteroepi- 
t axial layers or layered structures. Let us discuss these properties of the two 
kinds of epilayers with the example of selected material systems; silicon ho- 
moepitaxial layers and silicon-based heteroepitaxial layers of the material 
system Sii_xGex/Si. 

2.3.1 Homoepitaxial Layers 

Epilayers grown in a single-component system (this means that the matri- 
ces of “e” and “s” phases are of the same chemical composition) are called 
homoepitaxial layers, even if they differ in doping with electrically active 
impurities from the substrate phase “s” or underlying epilayer “e” phase. 
Homoepitaxial layers or layer structures can be grown under conditions such 
that the crystallographic orientation of the layer is exactly determined by the 
substrate (or the already grown underlying epilayer) [2.23]. 

Most frequently, homoepitaxial layers are met in microelectronic semicon- 
ductor devices based on silicon structures. For example, integrated circuits 
utilize multilayer planar structures which are made by diffusion or implanta- 
tion of dopant species into a single crystalline Si substrate, which is followed 
by epitaxial growth of one or more layers of silicon, appropriately doped and 
by further diffusion or implantation processes. Semiconductor varactors and 
avalanche diodes prepared as homoepitaxial structures constitute another 
example. 
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The technically important homoepitaxial structures are usually grown 
from the vapor phase [2.7] under two limiting conditions. In the first, nutrient 
particles arrive at the substrate surface from the vapor and stick wherever 
they land. In this case the growth rate of the layer is proportional to the 
difference between the actual impingement rate, controlled by the pressure 
in the vapor phase, and the equilibrium evaporation rate, defined by the 
equilibrium vapor pressure of the substrate crystal. This means that the 
nutrient particles (atoms or molecules of the reactant species) do not have an 
appreciable mobility on the surface and that they do not show a preference 
for attachment to the surface at steps and kinks. In order to grow an epilayer 
under this condition either the pressure (or supersaturation) in the vapor 
must be sufficiently high or the temperature of the substrate surface must 
be low enough (or both). The layer grows, however, continuously as fast 
as the nutrient particles are transported through the vapor phase towards 
the substrate surface. In this case the epilayers are usually highly defective 
crystals so that growth under the first condition is usually not used to prepare 
device-quality epilayers. 

In the second limiting case, vicinal surfaces (that is terraces and steps) 
are intentionally created on the substrate surface. In order to grow epilayers 
now the nutrient particles must be transported through the vapor to a ter- 
race, migrate there across to a step and then attach at a kink in the step (see 
Fig. 1.5 for the illustration of the SF-mode of epitaxial growth). Homoepitaxy 
performed under this condition allows in principle for the growth of struc- 
turally perfect single crystalline epilayers, with minimal interface energy and 
no mechanical strain [2.24]. However, if epitaxy: 

(i) is performed on a contaminated substrate surface, 

(ii) proceeds under non-optimal growth conditions, or 

(iii) the homoepitaxial layers are heavily doped, 

then even in this case of homoepitaxy different crystal lattice defects may 
occur in the epilayer. This holds for both the elemental growth (epitaxy of 
Si, Ge, Au, etc.) and the growth of compounds or alloys (e.g., GaAs, CdTe, 
Fe- alloys). 

In the case of Si homoepitaxy, which serves here as an example, the growth 
of device-quality epilayers is performed on substrates with vicinal surfaces. It 
is important to note that at low growth temperature and high incoming flux 
of nutrient, the surface diffusion on the terraces is so slow that atoms do not 
have time to And low-energy sites before they are covered over. As a result of 
such growth conditions an amorphous layer is grown. At higher temperatures 
where the mean diffusion distance on the surface is still shorter than the 
distance between steps {x^ < /), the supersaturation at the surface builds 
up until two-dimensional (2D) nucleation occurs between the steps (on the 
terrace). This causes polycrystalline growth. Surface nucleation also affects 
the morphology of Si layers. When 2D nucleation occurs on the terrace, it may 
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Fig. 2.14. Maximum growth rate 
for which monocrystalline Si epilay- 
ers can be obtained as a function of 
temperature (taken from [2.25]) 



produce multilayered islands or hillocks often observed in VPE layers. This 
is particularly true for growth on (111) faces where the surface is naturally 
smooth, necessitating steps for growth. Impurities on the surface also enhance 
2D nucleation, and thus, all negative features of the epilayer which are caused 
by nucleation. 

Perfect single crystalline layers are produced only, when growth occurs 
solely by the propagation of steps [2.7], that is, when the growth rates are 
sufficiently low, high temperatures ensuring that Xg >l are used, and low im- 
purity levels are retained. Therefore, from the point of view of application to 
technology of microelectronic devices Si homoepitaxy should be performed on 
(001) slightly misoriented Si substrates on which characteristic monoatomic 
steps and terraces occur (see Fig. 1.4). The relationship between growth rate 
and temperature required to grow single crystalline layers is shown in Fig. 2.14 
[2.25]. The slope of the line separating the single and polycrystalline regions 
is 5eV, which is equal to the activation energy for self-diffusion in Si. This 
lends itself to a simple interpretation. If the trapped, interstitial Si atom in 
the solid can diffuse to the surface and hence be incorporated into a lower 
energy site, the layer can “heal” itself during growth. It is well known [2.26] 
that Si epilayers are usually grown at temperatures higher than 1000°C. This 
temperature range is imperative if low defect densities and significant growth 
rates are required. In this regime the surface diffusion rate is sufficiently high 
and any chemical species that could interfere with Si perfect single crystal 
formation on the substrate surface can be removed by reactive desorption. 
Thus, the desired growth rate and crystal perfection can easily be obtained. 
However, with the continuing scaling of device structures to the submicrom- 
eter level two important questions arise when using epitaxial structures: 
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(i) how to minimize the transition region width (the so called autodoping 
region) between the substrate and the epitaxial layer, and 

(ii) how to optimize the lateral and vertical isolation between the different 
active areas. 

The immediate answer is to lower the deposition temperature. However, 
in such a case, adsorbed species such as oxygen, carbon, H 2 O, chlorine and 
their related compounds interfere with the single crystal growth because of 
incomplete desorption. As a consequence the processing pressure should be 
reduced to facilitate desorption of impurities. Such considerations have led to 
new epitaxial processing techniques to achieve low temperature epitaxy in low 
pressure reactors which are now frequently used. Sharp epitaxial-substrate 
transition region widths have been obtained at temperatures as low as 550° C 
by using, for example, the MBE growth technique [2.27], or plasma enhanced 
chemical vapor deposition (between 700 and 800° C). In both cases, however, 
the epilayer quality was only moderate. The dislocation densities could be as 
high as 10^ cm“^ [2.26]. 

An interesting report on experiments concerning formation of dislocations 
during growth of homoepitaxial Si by VPE at reduced temperatures is given 
in [2.28]. These experiments have shown that the bare Si substrate surface, 
once formed by oxide desorption during the pre-epitaxial bake (prebake), is 
able to accumulate carbon, either brought in on the wafer surface or from 
the vapor phase or both, which forms into immobile nuclei. These form sub- 
sequently into pyramidal features which grow in size during anneal. These 
features locally impede the desirable initial step flow growth, causing tran- 
sient pits during the first 0.1 -0.2 qm deposition, a small proportion of which 
creates epilayer dislocations. Figure 2.15 shows two examples (wafers A and 
B) with images taken by laser scanning optical micrographs in differential 
phase contrast mode (SOM) and grazing incidence scanning electron micro- 
scope (SEM). The first of them (A) has been annealed at 900° C for 30 min 
in a 1 mbar H 2 stream, and on the second (B) a 0.1 pm thick Si layer was 
grown first and then the growth has been stopped. The sample A exhibits a 
pronounced “thermal roughening” effect, while sample (B) shows transient 
pits formed where contaminant particles, such as existing on the surface A, 
disrupted the lateral flow of surface misorientation steps during initial growth. 



2.3.2 Heteroepitaxial Layers 

Epitaxial growth of a layer with chemical composition and sometimes struc- 
tural parameters different from those of the substrate leads to creation of a 
heteroepitaxial layer on the substrate surface. The growth process in het- 
eroepitaxy depends strongly on whether the grown epilayer is coherent or 
incoherent with the substrate, i.e., on whether the interface between the 
epitaxial overgrowth and the substrate is crystallographically perfect or not 
[2.29]. If the overgrowth is incoherent with the substrate, then it is free to 




2.3 Peculiarities of Epitaxially Grown Layers 



29 




Fig. 2.15. Laser scanning optical micrographs (SOM) in differential phase contrast 
mode, and scanning electron images (SEM) taken from Si(OOl), slightly misoriented 
wafers A and B. Wafer A shows pronounced “thermal roughening” after prolonged 
prebake. Wafer B was prepared by stopping Si deposition after normal prebake, 
when a 0.1 p.m thick epilayer was grown (taken from [2.28]) 



adopt any in-plane lattice constant that minimizes its free energy. If the over- 
growth is coherent with the substrate, then energy minimization is achieved 
by adopting the in-plane lattice constant of the substrate, thus, creating a 
commensurable material system with the substrate. The resulting elastic- 
strain energy can then increase its overall free energy significantly [2.30]. 
Both of these growth processes are currently often applied for preparation of 
semiconductor devices, when using different epitaxial growth techniques. 

Three factors are important from the point of view of the mutual relation 
between the substrate and the heteroepilayer. Lattice constant matching, or 
mismatch, is the first, crystallographic orientation of the substrate is the 
second, and its surface geometry, or surface reconstruction, is the third. The 
crucial problems of heteroepitaxy are, however, related to lattice mismatch. 

Following van der Merwe [2.21], the term “misfit” is usually used to refer 
to the disregistry of the equilibrium interfacial atomic arrangements of the 
substrate and the unstrained epilayer. This disregistry results from differences 
in atomic spacings of lattice symmetries, which are characteristic of each of 
the two crystals in the absence of interfacial interaction between them. In the 
simplest case, where the epilayer is fairly thin in comparison to the thickness 
of the substrate crystal, the misfit fi may be quantitatively defined as [2.22] 

Definition 1 fi = {osi - aei)laei, z = 1, 2 (2.1) 
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Fig. 2.16. Examples of interfacial atomic arrangements in the systems of 

different crystallographic symmetry. Black dots represent the substrate atoms while 
empty circles stand for overgrowth atoms (taken from [2.21]) 



where the are the lattice constants perpendicular to the growth direction, 
and s and e designate the substrate and the epitaxial layer, respectively 
(Fig. 2.16). The convenient features of this definition are as follows. If the 
film is strained so that the lattices of film and substrate are in register at the 
interface, then the misfit strain, defined by 

Definition 2 — aei)loLei^ z = 1,2, (2.2) 

will be equal to fi. In (2.2) stays for the lateral atomic spacing in the 

strained epilayer. If, however, the misfit is shared between dislocations and 
strain, then 

Definition 3 fi = ei + di. z = 1, 2, (2.3) 

where di is the part of the misfit accommodated by dislocations. A positive 
value for / implies that the misfit strain is tensile and that the misfit dislo- 
cations are positive Taylor dislocations [2.31], i.e., extra atomic planes lie in 
the overgrowth (Fig. 2.12). 

The above definition does not allow for reconstruction [2.32] or uneven- 
ness of the substrate surface. Therefore, for very thin epilayers (1-2 mono- 
layers thick), for which the equilibrium interatomic spacing may differ from 
that of the bulk crystal by as much as 5 %, Frank and van der Merwe defined 
the misfit by [2.33] 

Definition 4 fi = (ogi - CLsi)/asi, i = 1, 2. (2.4) 

By this definition misfit is related to the fixed substrate interatomic spacing. 
However, when the overlayer is thick enough (if its thickness becomes com- 
parable to the thickness of the substrate), both crystals are usually treated 
on the same footing by defining the misfit as [2.22] 

Definition 5 fi = 2{agi - a^i)/ {osi + agz), z = 1, 2. (2.5) 

It is well known that if the misfit between a substrate and a growing 
layer is sufficiently small, the first atomic monolayers which are deposited 
will be strained to match the substrate and a coherent (perfectly matched) 
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Strained, distorted epilaxiaJ 
layer of semiconductor "y" 

X “ y interface 



semiconductor "x" 
substrate 
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Fig. 2.17. Schematic illustrations of (a) strained and (b) relaxed epitaxial layers 
of a lattice mismatched heterostructure, as well as (c) strained and relaxed unit 
cells (taken from [2.35]) 



epilayer will be formed [2.29,30]. For such a state of the system the 

term ‘‘pseudomorphism” has been introduced by Finch and Quarrell [2.34]. 
However, as the layer thickness increases, the homogeneous strain energy 
becomes so large that a thickness is reached when it is energetically favorable 
for misfit dislocations to be introduced (see Fig. 2.17). The overall strain will 
then be reduced but at the same time the dislocation energy Ed will increase 
from zero to a value determined by the misfits fi and / 2 . These misfits are 
defined by (2.5) in which, however, aei has been replaced by the lattice 

constant of the strained epilayer at the interface. The existence of the critical 
thickness was first indicated in the theoretical study by Frank and van der 
Merwe [2.33], then treated theoretically by others, and confirmed by various 
experimental observations [2.22]. 
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The possibility of growing high-quality epitaxial layers of different mate- 
rials on lattice mismatched substrates is a topic of considerable interest for 
the growth of heterostructures. The range of useful devices available with 
a given substrate is largely enhanced by this method. For example, GaAs 
and compounds related to it (AlGaAs, InGaAs, etc.) offer many advantages 
over Si in terms of increased speed and radiation resistance and its ability 
to process and transmit signals by light pulses. Si, on the other hand, is 
a well-established material for integrated circuits and exhibits superior me- 
chanical and thermal characteristics. By growing, for example, epitaxial lay- 
ers of GaAs on Si substrates, it would be possible to combine the advantages 
of both materials. However, these materials are not matched together, nei- 
ther by lattice constants (asi — 0.543 nm, acaAs = 0.565 nm), nor by thermal 
expansion coefficients (asi = 2.6x 10"^ acaAs = 6.8x 10“^ K“^). There- 
fore, dislocations and other lattice defects are usually present in GaAs-on-Si 
heterostructures. 

Let us now consider the peculiarities of heteroepilayers in more detail 
with the example of silicon-based heterostructures in the material system 
Sii„xC^6x/Si- The main challenge in epitaxial growth of this material system 
is the fact that the lattice constants of Si and Ge differ by 4.17 %, and hence, 
it is quite difficult to grow dislocation- free Sii_xGex layers on Si substrates. 
However, the lattice mismatch between these two materials can be accommo- 

unstrained strained unstrained 

Si Sij.xGex Si 

Ec ^ ^ 



Ey 

(a) 



Ec 



unstrained 

Sii.xGex 



strained unstrained 

Si Sii.xGex 



Ey 1 I 

(b) ' ' 

Fig. 2.18. Band edge lineup in Type I heterostructure (a) of a strained Sii-xGex 
epilayer sandwiched between unstrained Si layers, and (b) in a Type II heterostruc- 
ture of a strained Si epilayer sandwiched between unstrained Sii-xGex layers (taken 
from [2.35]) 
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relaxed SIqj Geoj 
buffer 



Fig. 2.19. Effect of strain on the conduction and valence band edges in the het- 
erostructure Sii-xGex/Si. The substrate is assumed to be relaxed and to have 30% 
Ge in the alloy. The negative x-axis represents tensile strain and the positive axis 
represents compressive strain with respect to the Sio 7 Geo 3 substrate (taken from 
[2.38]) 



dated by a finite degree of lattice distortion (pseudomorphic strained layers) , 
after which planar film growth (FM-mode) either converts to 3D growth (SK- 
mode) , or misfit dislocations nucleate at the heterointerface, thus relaxing the 
lattice strain (Fig. 2.17b). The last two decades have seen tremendous ad- 
vances towards pseudomorphic epitaxial growth of Sii_xGex/Si heterostruc- 
tures [2.36]. Using such techniques as MBE and ultrahigh vacuum chemical 
vapor deposition (UHVCVD) one can currently grow heterostructures of this 
material system with very low densities of defects [2.37]. 

Strain plays a dominant role in determining the alignment of energy bands 
at heterointerfaces (see Fig. 2.19), thus determining the confinement energy 
of electrons (holes) in quantum wells [2.38]. Strain modifies also the crys- 
tal symmetry, and thus offers the possibility of influencing the recombination 
rates of electrons and holes in device structures. Consequently, understanding 
and manipulation of strain became the natural prerequisite for device appli- 
cations of Sii_xGex/Si heterostructures. In the Sii_xGcx heteroepilayer of 
the Sii_xGcx/Si structure a compressive strain occurs, which increases both 
for increasing Ge concentration in the alloy as well as for increasing the layer 
thickness. 
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Multi-layer strained structures of Si and Sii_xGcx alloys are used to create 
electron/hole quantum wells. The band alignment at the heterointerfaces of 
Si and Sii_xGCx is of type I, what means that the offset lies predominantly 
within the valence band (Fig. 2.18a). To give an idea of the scale of this effect, 
the offset may be estimated at about 200 meV for Sio.rGco.a commensurate 
to an underlying Si substrate [2.38]. On the other hand, when strained Si is 
grown on relaxed Sii_xGcx, a staggered band alignment of type II results at 
the heterointerface (Fig. 2.18b). In this case, the conduction band of Sii_xGcx 
is higher than that of Si (by about 200 meV for x = 0.3 in the relaxed alloy), 
and the valence band in Sii_xGcx is lower than that of Si (by about 150 meV 
for X = 0.3). The effect of strain on the energy of conduction and valence band 
edges may be seen in Fig. 2.19 on the example of Sii_xGcx, for 0 < x < 0.7, 
grown on a relaxed Sio.rGco.a buffer layer. In addition to the band offsets, 
the electron/hole effective masses are greatly affected by strain. Due to the 
strong anisotropy of the effective masses, energy bands with heavy masses 
are split from those with light masses. For lateral transport it is desirable 
to have a light in-plane electron/hole effective mass in order to enhance the 
carrier mobility. 

Goncluding the considerations concerning the homo- and heteroepitax- 
ial growth processes and the peculiarities of the homo- and heteroepitaxial 
layers it should be emphasized that while homoepitaxy and homoepitaxial 
layers (appropriately doped) became the basis for present day microelectron- 
ics, the heteroepitaxy and heteroepitaxial structures, much more difficult to 
be grown on high perfection level, have created present day semiconductor 
optoelectronics and opened the way to development of tomorrow’s nanoscale 
electronics (see Sect. 3.1). 




3. Application Areas 

of Epitaxially Grown Layer Structures 



Epitaxial growth can be used for crystallization of thin film structures of dif- 
ferent, metallic, semiconducting, and insulating material systems, including 
mixed systems like, e.g., metal-semiconductor or semiconductor-on-insulator 
device structures. The epitaxially grown structures may be of very high per- 
fection, satisfying the so-called device-quality demands. They are suitable for 
application in many branches of the “high technology” part of electronics, 
mechanics and materials engineering. However, the main application areas of 
epilayer structures are defined by solid state electronics, optoelectronics, and 
photonics [3.1-5]. 



3.1 Low-Dimensional Heterostructures 

Crystallization of low-dimensional heterostructures (LDH) by epitaxy belongs 
to the most fascinating problems related to crystal growth of multilayer struc- 
tures. Single or multiple quantum wells, quantum wires, and quantum dots 
(also called quantum boxes) create the LDH family. These structures are the 
constituent elements of mesostructure electronics [3.6-8]. MBE and MOVPE 
make possible the fabrication of heterostructures with composition varying 
on a spatial scale of one to 100 crystal-lattice constants. LDHs exhibit dis- 
tinctive physical properties resulting from the occurrence of an intermediate 
size between two physical domains. The first is the microscale, or quantum- 
effects domain of lattice constants, or the de Broglie wavelength of the charge 
carriers. The second is the macroscale domain associated with quasi-classical 
motion of the charge carrier. The motion of carriers in a direction where po- 
tential barriers created by heterointerfaces confine them to an area that has 
a size belonging to the microscale, is strongly quantized, while the carriers 
motion in directions where no such confining barriers exist, is quasi-classical. 
Figure 3.1 illustrates the LDH family and the variation of the density of 
states of electrons with the increase of the quantization dimension in the 
LDH structures. 

The area of application of quantum well structures in semiconductor de- 
vices is already considerable, extending from high electron mobility transis- 
tors through double barrier resonant tunneling microwave diodes to quantum 
well lasers and quantum well intraband photodetectors [3.10]. The two other 
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Fig. 3.1. The LDH structures (upper part) and the variation of the density of 
states of electrons (lower part) with the increase of the quantization dimension in 
LDH structures (taken from [3.9]) 



groups of LDH structures, namely, quantum wires (QWR) and quantum dots 
(QD) are still under development and need further intensive investigations. 
However, the first optoelectronic devices with QWR structures [3.11] and QD 
structures [3.12] have been demonstrated, and some examples are presented 
in the next section. 

Here, we will describe an application of epitaxy to so-called band-gap 
engineering technology. In order to produce an artificially generated half- 
parabolic composition and potential energy profile in quantum well structures 
one may use the quantum size effect principle (the dependence of the position 
on the energy scale of the quantum well energy levels on the thickness of the 
well) to the growth of a multilayer heterostructure in which the thickness 
of the sequent quantum well layers is changed in a precisely controlled way 
according to the relevant algorithm ensuring the desired shape of the potential 
energy profile of the multilayer structure. This has been done by Miller et al. 
[3.13] with the GaAs-Al^Gai.^As lattice matched material system. 

The technique used was a computer-controlled long-period (24 A) pulsed 
MBE in which the duty cycle of Al deposition with each pulse period was 
made proportional to the desired thickness of the Al^Gai.xAs barrier (or 
GaAs well) layers. The deposition sequence for one of the half-parabolic 
well samples is shown in Fig. 3.2. It contained five artificially made wells 
of thickness L = 522±31 A separated by 299 A thick Alo. 26 Gao. 74 As barriers, 
with each well comprising 43 alternate depositions of GaAs layers of different 
thicknesses. The algorithm for the deposition processes of GaAs layers was 
given by 

(L/22)(l - ((44-0/44))2) with i = 1, 3, 5, . . . , 43 



(3.1) 
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Fig. 3.2. Pulsed molecular beam de- 
position sequence used to produce 
half-parabolic compositions and po- 
tential energy profiles (taken from 
[3.13]) 



The analogous algorithm for deposition of the Alo. 26 Gao. 74 As layers has the 
form 

(L/22)((43-z)/44)2. (3.2) 

Deposition of layers less than 0.1 A thick (layers 40 and 42) were omitted 
because of shutter timing considerations. Model calculations suggest that this 
produces no observable change in energy levels. The transmission electron 
microscope cross-section images of the grown structures confirmed the layer 
periodicity and its constancy to within 10% [3.13] 



3.2 Device Structures with Epitaxial Layers 

There is an increasing interest in growing single crystalline layered structures 
for device applications. This results from the unique electronic and optical 
properties exhibited by these structures. Up to now, nearly all kinds of elec- 
tronic and optoelectronic devices have been prepared in the form, in which 
the most important functional elements of the device have been grown as 
epitaxial layers [3.2, 4, 5]. 

Device performance is critically dependent on the electrical and morpho- 
logical quality of epilayers and interfaces. For example, high yield production 
of modulation-doped high electron mobility transistors, quantum well hetero- 
junction lasers or superlattice avalanche photodiodes require pure materials, 
abrupt and smooth interfaces and defect-free surface morphology. A great im- 
petus to development of epitaxially grown structures gave in the early 1960s 
the increasing attention paid by the semiconductor community to GaAs de- 
vices of high complexity. In particular, microwave and high speed component 
production has achieved remarkable increase in order to meet the high de- 
mands of the market for GaAs field effect transistors and integrated circuits. 
The development and production of the next generation of high speed discrete 
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and integrated circuit devices was linked to the ability of growing epitaxially 
highly complex device structures. Present-day MBE and MOVPE have be- 
come the leading edge of this technology. 

In the second half of the 1990s, the compound semiconductor industry 
was booming [3.14]. Compound semiconductor chips are found in numerous 
consumer products and used daily, often without people ever realizing it. 
With the development of blue and green as well as orange and red ultrahigh 
brightness light-emitting diodes, this form of lighting is fast replacing the 
conventional light bulb in every possible application from car lights and traffic 
signals, to outdoor advertising [3.14]. The revolution in lighting which we now 
face “is analogous to the replacement of the electronic vacuum tubes with 
the transistor” {Financial Times^ 13 January 1998). Digital video disks using 
III-V compound lasers are replacing the CD-ROM as the next generation of 
mass memory storage. III-V solar cells are used to power huge numbers of 
space satellites, while heterostructure bipolar transistors are taking over as 
the standard chip used in mobile phones, television satellites and fiber-glass 
telecommunication. 

Each material system which has to be grown epitaxially requires its own 
technological “know-how”. Therefore, considering the application areas of 
epitaxially grown structures, one has to consider the problem of material- 
related peculiarities of epitaxial growth. This will be the subject of Chaps. 14 
and 15 of this book. However, it is worth of mentioning that already in 1956 
about 150 epitaxially grown materials systems could be listed [3.15]. Infor- 
mation on the intensive development of epitaxy, which was observed in the 
next 20 years (until 1975) is given in [3.16]. This enormous boom at that time 
was a result of both the development of important new diagnostic techniques 
for analyzing epitaxial growth phenomena, and the large interest in single- 
crystal layers for studies of their physical properties and possible applications. 
However, the most intensive expansion of epitaxial growth techniques in dif- 
ferent application areas occurred in the last decade, when MBE and MOVPE 
achieved their mass-production maturity. [3.9,14,17]. 

We will not present here an exhaustive overview of the device applications 
of epitaxy. However, instead of this we will show how epitaxy may lead to 
most sophisticated device structures, namely, quantum wire semiconductor 
laser structures. 

Two MBE growth procedures have been developed, so far, for preparing 
as-grown QWR structures. The hrst, realized on vicinal surfaces, concerns 
serpentine superlattices (SSL) with quantum wires as parts of these structures 
[3.18, 19]. The second is realized on (100) on-axis substrates by strain-induced 
lateral ordering (SILO) process [3.20]. SSL structures are produced with a 
cyclic-deposition growth technique on vicinal surfaces of slightly misoriented 
substrates (usually by 2°-4° from the (100) crystallographic plane toward 
the (111) plane) taking the relative coverage between successive deposition 
cycles as a variable, precisely controlled parameter [3.21]. The misoriented 
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substrates provide a staircase of monolayer-height steps (most favorable when 
being parallel to the [110] direction) and plane-parallel terraces on which 2D 
nucleation may occur in epitaxial growth. During such growth on vicinal 
surfaces the shuttering of the molecular beams is under computer control 
and may be changed each cycle by a certain amount relative to the other 
cycles. Smoothly sweeping the per-cycle coverage back and forth through a 
range including monolayer coverage gives a structure with a continuously 
varying tilt. 2D electronic confinement (a typical feature of QWR structures) 
may be obtained in the winding wells, where the structure turns a corner. 

Depositing fractional monolayers of (GaAs)^(AlAs)n planar superlattice 
with m-hn = p 1, one may grow on vicinal surfaces a so-called tilted super- 
lattice (TSL) [3.22]. In these superlattices, the interface planes are tilted with 
respect to the substrate surface plane, at an angle which can be controlled 
by adjusting the value of p or the orientation of the substrate surface. The 
tilt angle and period of the TSL provide a sensitive measure of the growth 
kinetics and the infiuence of variations in the growth parameters during MBE 
growth. Crystallization proceeds by alternating depositions of between 1/2 
and 1 monolayer of the column-III atoms, with deposition of the column- V 
atoms. An idealized representation of a TSL growth is shown together with 
the deposition algorithm in Fig. 3.3 [3.22]. 

TSLs have not been used successfully to form 2D confinement structures 
with good electrical and optical properties. One reason for poorly defined con- 
finement is because of the thermodynamic difficulty of having fractional layers 
segregate fully on the vicinal terraces in the (Ga,Al)As system. Therefore, an- 
other cyclic deposition and epitaxial growth technique for vicinal surfaces has 
been presented [3.18]. This structure, i.e., the SSL, may be employed to ob- 
tain quantum wires for its purposefully meandering shape. Two-dimensional 
electronic confinement (characteristic to QWRs) may be obtained at the wide 
places in the winding wells, where the structure turns a corner, as is schemat- 
ically represented in Fig. 3.4. The shape near these regions determines the en- 
ergy spectrum of the confinement. Perhaps, the most interesting case occurs 
for a linear ramping of the per-cycle coverage through a range including verti- 
cal growth. At this instance an SSL results with a cross-section of periodically 
displaced parabolas having curvatures determined by the misorientation an- 
gle and the per-cycle coverage ramping rate I/zq- The confinement energies 
are determined by zq^ the lateral well, the barrier widths, and the barrier 
height. The confinement in this case is insensitive to errors in the absolute 
growth rates. An error shifts the vertices on the parabolas up or down in the 
growth direction but does not change their shape. Thus a confinement may 
be obtained that is quite insensitive to growth rate variations across an entire 
substrate [3.20]. 

Quantum wire lasers with SSL have been grown and investigated by Hu 
et al. [3.19]. They have reported optical gain measurement from a serpentine 
superlattice nanowire-array laser sample, grown by MBE on a 2°-off (100) 
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Fig. 3.3. Idealized representation of a tilted superlattice grown by alternating beam 
deposition, (a) Cross-section, perpendicular to the step edges of a superlattice with 
p = 1.25. The inset shows the arrangement of the As bonds with respect to the step 
edges, (b) Detail of growth, showing the order of atomic depositions. Numbers in 
(a) refer to partial monolayers deposited in (b) (taken from [3.22]) 



GaAs vicinal substrate. Gain spectra, obtained from in-plane ridge- waveguide 
lasers with stripes either parallel or perpendicular to the nanowire arrays at 
1.4 K, showed that the optical gain for the TM mode became greater than 
that of the TE mode when the optical cavity was placed along the nanowire 
direction. This provides strong evidence that the lateral quantum confinement 
in the SSL is stronger than the vertical quantum confinement. A schematic 
diagram of the grown laser sample is shown in Fig. 3.5. 

In the second MBE growth procedure, which uses the SILO process, it 
has been demonstrated that a strain-induced lateral periodic modulation of 
the composition along the [110] direction with a periodicity as small as 20 nm 
can be formed in vertical short period superlattices (SPS) of (GaAs) 2 /(InAs )2 
and (GaP) 2 /(InP )2 grown on nominally (100) GaAs and InP, respectively 
[3.23]. This new path in growing sophisticated LDHs is often referred to as 
a self-organized growth of nanometer-scale features. It means spontaneous 
structural ordering, usually on a sublattice, of the deposits during MBE 
growth. 
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Fig. 3.4. An SSL cross-section is shown (a) that would result from sweeping the 
per-cycle coverage back and forth through a range that includes exact monolayer 
coverage. At such places, where the tangent to the structure is vertical, electronic 
states are confined to two dimensions, (b) Most of the grown structures have been 
single-crescent, parabolic geometries with barriers cladding the SSL region above 
and below (taken from [3.18]) 



ridge waveguide 







cavity 

direction 




Fig. 3.5. Schematic diagram of the two device configurations of the SSL laser 
samples for the case (a) when the optical cavity is perpendicular to the nanowire 
array (C _L W) and (b) when the optical cavity is parallel to the nanowire array 
(C II W) (taken from [3.19]) 



GaxIni.xP/Alo.isGao.ssIno.sP heterostructure graded-index separate-con- 
finement visible laser structures with multiple quantum wire (MQWR) active 
regions have been formed in situ during MBE growth [3.11]. No regrowth or 
ex situ fabrication procedures were employed in the formation of the quantum 
wires. QWRs with cross-sectional dimensions of approximately 50xl20A^ 
were routinely achieved with a linear density of 100 qm“^. Broad area stripe 
geometry lasers with contact stripe oriented in the [110] and [110] directions 
exhibited anisotropic threshold current densities varying in ratio by a factor 
of more than 3.75. Threshold current densities as low as 400Acm“^ were 
obtained for lasers with stripes in the [110] direction, perpendicular to the 
quantum wires. Strong dependence of electroluminescence polarization on 
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Fig. 3.6. (a) Schematic illustration of a stripe geometry GaxIui_xP/ 

Alo. 15 Gao. 35 Ino. 5 P graded-index separate-confinement-heterostructure MQWR 
laser_grown by MBE on (100) on-axis GaAs substrate. The MQWRs are aligned in 
the [110] direction, (b) Light output power versus pulsed injection current at 77 K 
for AlGalnP MQWR laser diodes with contact stripes aligned in the [110] and in 
the [110] directions. The spontaneously formed MQWRs are aligned in the [110] 
direction in these lasers (taken from [3.11]) 



stripe direction was also observed. Figure 3.6 shows the laser structure and 
its characteristics. 

A set of techniques has been developed and introduced into technolog- 
ical practice in order to produce by epitaxial crystallization highly perfect 
layers and layered structures, made of semiconductors, dielectrics, and met- 
als, which are used as functional elements in different electronic devices. The 
most frequently used epitaxial growth techniques are: solid phase epitaxy 
(SPE), liquid phase epitaxy (LPE), vapor phase epitaxy (VPE), especially 
metalorganic vapor phase epitaxy (MOVPE), and molecular beam epitaxy 
(MBE) [3.24]. The basic concepts defining these techniques as well as the 
specific details of their different modifications are presented and discussed in 
Chaps. 4-8 on selected examples of material systems grown by epitaxy. The 
discussion will be sufficiently fundamental in the treatment of the subject. 
However, it should enable the reader to understand easily the future publica- 
tions concerning different epitaxial growth techniques, when referring to the 
principles presented here. 
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Solid phase epitaxy (SPE) occurs when a metastable amorphous layer in con- 
tact with a single crystal template crystallizes epitaxially in the solid state 
by the rearrangement of atoms at the interface between the two phases [4.1]. 
The regular array of atoms on the crystalline side of the interface serves as a 
template for the layer-by-layer addition of atoms from the disordered amor- 
phous material to the ordered crystalline solid. The amorphous-to-crystal 
(a/c) transformation occurs solely in the solid phase and may be induced 
either by heating or by ion bombardment. 

SPE occurs under conditions where the atomic mobility is comparatively 
low, and movement of atoms and changes in bonding configurations are 
largely limited to the region within a few bond lengths of the interface. 
Therefore, the structure of the amorphous phase, the extent to which the 
short-range order in the amorphous material approximates the structure of 
the crystal lattice, and the type of bonding, e.g., covalent or ionic, infiuence 
strongly the characteristics of the SPE process in a given material system. 
In materials that undergo SPE, the amorphous phase is metastable, and the 
free energy of the system changes abruptly upon crystallization. 

Essentially all of the existing models of SPE have been developed within 
the framework of a model of the c/a interface that is derived from a continu- 
ous random network description of a-Si. A fundamentally different model for 
covalently bonded amorphous semiconductors, which involves paracrystalline 
clusters, has been proposed, and an alternative model for SPE involving rota- 
tional alignment of these clusters and their fusing to the crystalline substrate 
has been suggested, too [4.2]. 

Differences between the basic crystallization mechanisms in SPE of ele- 
mental and compound materials are not surprising in view of the fact that 
SPE in compound materials not only involves reorganization of atoms at the 
surface, but also requires that the cations and anions become located on ap- 
propriate lattice sites. Clearly this raises an additional complication in the 
atomic reconfiguration at the interface that does not exist for the elemental 
semiconductors. 

It should be pointed out that progress toward understanding SPE has 
been, so far, limited almost exclusively to interpretation of experiments that 
probe the overall kinetics of the crystallization process. This has led to the 
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development of empirical models which treat the fundamental steps in the 
SPE mechanism in only a semi-quantitative way. However, one may expect 
that the extension of molecular dynamics simulation methods to description 
of amorphous materials, together with development of advanced diagnostic 
techniques capable of probing the structure and properties of the c/a inter- 
face can have great potential for improving the current understanding of the 
fundamental solid phase crystallization mechanisms. 

In discussing here SPE, we will not go into the theory of this phenomenon, 
referring the reader, instead, to more extended reviews on this subject [4.1, 2]. 



4.1 Technological Procedures 

Figure 4.1 schematically depicts the SPE crystallization process in an amor- 
phous layer in direct contact with a heated substrate crystal. Heating induces 
reordering of atoms at the c/a interface, with the resulting propagation of the 
interface towards the surface. Following SPE, the structure of the crystallized 
layer is indistinguishable from that of the underlying substrate. 

SPE crystallization has been conducted using amorphous layers formed 
either by high-dose ion implantation of a crystalline substrate or by vapor 
phase deposition onto a single crystal surface. In both cases, the single crystal 
substrate serves as a pre-existing two-dimensional “nucleus” which grows in 
a layer-by-layer mode as the amorphous phase is consumed during SPE. The 
velocity of the moving interface (the growth rate) exhibits in this process an 
Arrhenius temperature dependence: 

V = vo ex.^{-E^/kT), (4.1) 

where E'a is the activation energy of the SPE process. Growth rates of about 
lAs-i are observed at temperatures of roughly one-half to one-third the 
melting point [4.2]. SPE can occur even when both participating phases are 
composed of different materials. This is often used for producing so-called 
buffer layers in heteroepitaxy of lattice mismatched “e” / “5” material systems 
(for more details see Sect. 4.3.2). 



single crystal amorphous single crystal 

substrate layer epitaxial layer 




Fig. 4.1. Solid phase epitaxy of an amorphous thin layer on a single crystal sub- 
strate (taken from [4.2]) 
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Fig. 4.2. Random nucleation and growth can interfere with SPE at high temper- 
atures (taken from [4.2]) 



During the crystallization of an amorphous layer by SPE it is possible 
for nucleation and growth of randomly oriented crystallites to occur in the 
amorphous phase ahead of the advancing c/a interface, thereby interrupting 
the regular progression of the epitaxial growth front, as illustrated in Fig. 4.2. 
Random nucleation and growth occur when thermal fluctuations cause crys- 
talline nuclei of various sizes to form within the amorphous matrix. The 
newly formed crystallites expand then by addition of atoms from the amor- 
phous phase to the crystal. Since the kinetics of planar SPE and random 
nucleation (with subsequent growth) are different, the extent to which either 
component will dominate depends strongly on the crystallization tempera- 
ture and thickness of the amorphous layer. However, in the presence of a 
single crystalline substrate, SPE is generally the dominant process at all but 
the highest temperatures. 

Different experimental methods have been used for accomplishing SPE 
in a variety of material systems. An extended discussion of this problem has 
been presented in [4.2]. We will follow this treatment, when discussing here 
SPE. 

The most basic, most commonly employed, conflguration of the SPE 
growth system, i.e., the planar sample conflguration, is shown in Fig. 4.3a. It 
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Fig. 4.3. Typical sample configurations employed for studies of solid phase epi- 
taxy. (a) Amorphous film in direct contact with crystalline substrate - SPE growth 
toward surface; (b) buried amorphous layer formed by channeled ion implantation 
- SPE growth downward toward heterointerface; (c) amorphous layer deposited on 
patterned substrate - vertical SPE in seeded region followed by lateral SPE over 
insulator (taken from [4.2]) 
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consists of a continuous amorphous deposit (most often a layer) in direct con- 
tact with an underlying single crystal (the substrate). Typical layer thickness, 
encountered in SPE, range from several thousand A to several pm. The layer 
is uniform in thickness, and during growth its thickness decreases with time. 
Under nominal conditions the c/a interface remains flat and parallel to the 
surface. Cross-sectional TEM has shown that the transition from amorphous 
to crystal can occur in as few as 1-4 atomic layers, and in well-behaved spec- 
imens this planarity can be maintained through several microns of growth, 
as it occurs in a-Si on Si(lOO) [4.3]. Other sample conflgurations that are en- 
countered in certain specialized embodiments of SPE growth are illustrated 
in Figs. 4.3b and c. The recrystallization of a buried amorphous layer formed 
by channeled ion implantation is shown in Fig. 4.3b. A thin single crystal 
layer remaining at the surface after channeled ion implantation serves as a 
template for downward regrowth of the buried amorphous layer toward the 
c/a interface. Use of SPE to recrystallize a buried amorphous layer formed 
by ion implantation has often been employed to improve the crystal quality 
of silicon-on-saphire (SOS) structures [4.4]. 

The sample conflguration illustrated in Fig. 4.3c has been used when SPE 
is accomplished by lateral overgrowth. This technique, known as “epitaxial 
lateral overgrowth” (ELO), was applied for the first time applied in Si tech- 
nology in the earlier 1980s [4.5-7]. An a-Si layer is vacuum deposited on a 
c-Si substrate containing a patterned Si02 overlayer. Holes in the surface 
oxide allow contact to be made between the deposited a-Si and the single 
crystal substrate. Vertical SPE growth originating at the c/a interface in the 
“seed” regions produces columns of single crystal material which then spread 
by lateral SPE growth over the surface of the oxide-covered region. This pro- 
cess, when repeated, leads to multilayer silicon-on-insulator (SOI) structures 
[4.2]. 

There are three important stages in SPE. The first is the formation of 
an amorphous phase (usually a layer) on the top of the crystalline substrate. 
The second is the programmed heating of the a/c system in order to get the 
SPE growth in a well controlled mode. The third phase, i.e., the measurement 
of the growth rate, is indispensable for gaining the required control over the 
SPE growth process. Let us discuss the three items in brief, on the example 
of the a-Si/c-Si material system. 

4.1.1 Formation of the Amorphous Phase 

As already mentioned, high dose ion implantation and vacuum deposition are 
the most commonly used methods to prepare the amorphous phase suitable 
for SPE. However, other methods like, e.g., rapid quenching of a molten 
layer, formed by ultrashort pulsed laser irradiation, have also been employed 
for formation of very thin amorphous layers [4.8]. For the sake of brevity, 
we will concentrate here only on the first two methods. Let us start with the 
subject of high dose ion implantation. 
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Fig. 4.4. Amorphous layer formation by ion implantation. Disorder is produced 
along the ion track. Overlapping damage zones produce a continuous amorphous 
layer (taken from [4.11]) 



Amorphous layer formation by ion implantation involves the interaction 
of energetic ions (typically 30keV-5MeV) with the atoms of a single crystal 
substrate [4.9-11]. As depicted in Fig. 4.4, ion implantation creates disorder 
when the incident ion transfers sufficient energy to an atom in the crystal to 
displace that atom from its lattice site. Additional damage occurs as a result 
of the collision cascade created when the displaced atoms undergo collisions 
with atoms on lattice sites. When the mass and fluence of the incident ions 
are sufficiently high (e.g., > lOamu and ^ 10^^ cm“^ for amorphization of Si) 
the collision cascades produce overlapping disordered zones which eventually 
result in the formation of a continuous amorphous layer in the implanted 
region. 

Creation of a pure amorphous layer in elemental semiconductors is most 
conveniently accomplished using self- ion- implant at ion (e.g.,^^Si“^ for amor- 
phization of Si) into single crystal substrates. Dynamic annealing of the 
amorphous layer due to heating of the sample by the ion beam is mini- 
mized by using reduced ion beam currents (< 1 pAcm“^) and by maintain- 
ing the sample at cryogenic temperature (77 K). Using MV ion accelerators 
and high purity ion sources it is possible to produce continuous a-Si layers 
that are >5 pm thick and which have impurity concentration below about 
5x10^^ cm“^ [4-12]. 

Ion implantation can also be used to form an amorphous layer suitable 
for SPE in III-V semiconductor compounds, as well as in metal oxides [4.2]. 
However, the formation of pure amorphous layers in compound semiconduc- 
tors is complicated by the unwanted mixing of the atoms during ion implan- 
tation [4.9]. This can result in local regions of non-stoichiometry within the 
amorphous layer, and as a consequence, can cause breakdown of the planar 
c/a interface. 
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Table 4.1. 2«Si+ doses and ion energies used to form a 4.3 pm thick continuous 
amorphous layer in a Si(lOO) substrate held at 77 K during implantation (taken 
from [4.2]) 



a-Si thickness 

(^m) 


Energy of the ions 

(MeV) 


Ion dose 
(10^® cm-2 ) 


0.9 


0.5 


5 


1.4 


1.0 


5 


2.2 


2.0 


5 


3.0 


3.5 


6 


3.7 


5.0 


7 


4.3 


6.5 


8 



The thickness of the amorphous layer created by ion implantation depends 
on the range (energy) of the ions in the specimen. In most semiconductors 
the formation of continuous amorphous layers thicker than a few thousand A 
requires the use of several implants at different energies and doses to create a 
uniform damage distribution and to ensure that the damage density is above 
the threshold for amorphization in all portions of the layer. An example of a 
typical ion implantation schedule appropriate for the formation of a 4.3 pm 
thick continuous amorphous layer is given in Table 4.1. 

Amorphous layers can also be formed by a variety of vacuum deposi- 
tion methods, including evaporation, sputter deposition, radio frequency dis- 
charge and chemical vapor deposition [4.2]. In order to produce an amor- 
phous (rather than polycrystalline) film, the substrate must be maintained 
at temperatures sufficiently low to prevent or inhibit the lateral migration of 
atoms to lattice sites on the surface. For the formation of amorphous layers 
appropriate for SPE a single crystal substrate is used, and great care must 
be taken to ensure that the surface of the substrate is free of contaminants 
and that unwanted impurities do not enter the amorphous film during the de- 
position process. This normally requires the use of ultrahigh vacuum (UHV) 
procedures and in situ substrate cleaning techniques [4.13]. 

Vacuum deposition is advantageous for generating atomically abrupt in- 
terfaces between the substrate and amorphous layer and for fabricating struc- 
tures containing layers with different compositions. Examples of the latter 
include SOI structures like a-Si films deposited on an Si02 layer, and IV-IV 
and III-V multilayer structures. 

There is a qualitative difference in the microstructure of amorphous films 
prepared by vacuum deposition and by ion implantation. With the exception 
of the damaged crystalline material produced at the end-of-range region, ion 
implanted layers are homogeneous and uniformly disordered throughout the 
implanted zone. In contrast, UHV deposition produces an amorphous layer 
that contains voids and low-density regions [4.13]. This is a natural conse- 
quence of the self-shadowing of atoms which occur when the surface-atom 
mobility is low. In addition, tensile stress can lead to cracking and delami- 
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nation of the film from the underlying crystal. Amorphous Si films deposited 
onto atomically clean substrates by electron beam evaporation under UHV 
conditions delaminate when the amorphous layer thickness exceeds ~ 2 pm 
[4.2]. 

4.1.2 Programmed Heating of the a/c System 

There are different heating methods which are usually applied for the SPE 
growth. These are: oven heating, resistively heated block, pulsed laser irradi- 
ation plus heated block, and pulsed electron beam. Let us discuss them on 
the example of an a-Si layer [4.2]. 

Oven heating enables the most accurate determination of annealing tem- 
perature and is the most uniform heating method. However for SPE growth 
its use is limited to low temperatures because relatively long times (> 5 min) 
are required to reach steady state. As an alternative, placing the sample on 
a resistively heated block with a vacuum hold-down permits heating times 
on the order of 1 s to be achieved, allowing SPE with a-Si to be conducted 
up to approximately 700° C. Experiments at higher temperatures require the 
use of a pulsed, high power heating source, which can heat the sample at 
a much faster rate. Sources in this category include fiashlamps, continuous 
wave and pulsed lasers, and electron beams. It should be noted that laser 
sources with pulse widths less than about 1 ps are not appropriate for SPE 
processes because the amount of growth that occurs during each pulse is 
negligible. 

Regardless of the heating method that is employed, an accurate deter- 
mination of temperature is imperative if meaningful information is to be 
obtained about the kinetics of the solid phase crystallization process. In the 
low temperature regime, temperature measurements are relatively straight- 
forward and are usually performed using thermocouples or pyrometers cal- 
ibrated against known temperature standards. Temperature measurements 
during SPE at high temperatures is more difficult since the heated area is 
small (typical laser spot diameter is 100-200 pm) and the annealing times 
are short (< Is). In some cases the temperature never reaches steady state 
during the measurement, so it is necessary to explicitly monitor the varia- 
tions of temperature with time during the experiment. One technique that 
has been used successfully for real-time temperature measurement during 
laser heating of a-Si is based on measurement of the surface reflectivity at 
the center of the laser heated spot [4.14]. Since the index of refraction of 
Si varies nearly linearly with temperature, the sample temperature can be 
derived from measurements of the reflectivity [4.2]. When knowing the tem- 
perature of the heated sample in real time the heating process can be easily 
programmed by electronic means. 
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4.2 Measurement of the Growth Rate 

In SPE, the growth rate is defined to be the speed of the moving c/a in- 
terface. Therefore, a determination of the growth rate can be made from 
measurements of the thickness of the remaining a- Si layer as a function of 
annealing time. Ideally, during such a measurement, the temperature would 
be instantaneously raised to the desired value and maintained at that value 
for the duration of the measurement procedure. This condition can readily be 
achieved when the crystallization rate is much slower than the time to reach a 
steady-state temperature, as is the case for most oven annealing procedures. 
However, at high temperatures the crystallization times are often very short, 
and some variation of temperature during the measurement is unavoidable. 
This must be taken into account in interpreting the results of SPE growth 
kinetics studies. By using rapid heating techniques such as laser or electron 
beam irradiation coupled with real-time measurements of the c/a interface 
depth, it is possible to control SPE and competing processes such as random 
nucleation and growth at temperatures approaching the melting point [4.2]. 

For the real-time determination of the a-Si thickness during SPE, the use 
of time resolved reflectivity (TRR) [4.14], a technique based on reflection 
interferometry [4.15], has many advantages, including improved accuracy of 
the thickness measurement, ease of implementation, and adaptability to high 
temperature measurements. In addition to determining the growth rate with 
high accuracy, this method can be used to evaluate the extent to which pro- 
cesses such as nucleation and growth as well as impurity segregation compete 
with SPE. When coupled with laser based heating techniques, TRR can be 
used to measure the kinetics of both SPE and random nucleation and growth, 
up to temperatures approaching the melting point [4.2]. 

The use of TRR to monitor the growth rate in SPE is based on the in- 
terference between light reflected from the surface of the sample and light 
reflected from the moving c/a interface. Figure 4.5 schematically illustrates 
a simple embodiment of the TRR method in which SPE occurring in an a- 





Fig. 4.5. Measurement of SPE growth rate by TRR. As the amorphous layer thick- 
ness changes, the reflectivity oscillates due to interference between beams reflected 
from the surface and from the c/a interface. Comparison with the theoretical ex- 
pression yields the growth rate as a function of interface depth (taken from [4.2]) 
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Fig. 4.6. Time resolved reflectivity data at A = 1.15 fxm and 6328 A for SPE growth 
of 4.3 |j.m thick, ion implanted (^®Si^) film at 625°C in vacuum (taken from [4.2]) 



Si film on a c-Si substrate is monitored using a low power HeNe laser. As 
the growth interface propagates toward the surface, interference produces 
an oscillation in the light intensity. Each time the a- Si thickness changes by 
A/2n (n: refractive index), the reflected light signal completes one interfer- 
ence cycle. Therefore, if the time between successive extrema is determined 
accurately, it is possible to directly calculate the speed of the interface mo- 
tion. In principle, the depth resolution of this technique is on the order of 
10 A. It is also possible to obtain a continuous measure of the SPE rate as a 
function of c/a interface depth by comparing the measured reflectivity with 
the theoretical expression for reflectivity as a function of thickness given in 
Fig. 4.5. This method has been used extensively in studies on SPE. 

Optical absorption in the a-Si layer causes the amplitude of interference 
oscillations to be reduced in thicker films. In a- Si, for example, absorption 
at the HeNe laser wavelength of 6328 A limits the use of TRR to layers less 
than about 5000 A. It is possible to employ a longer wavelength for which 
the amorphous layer is more transmissive, but there is an attendant sacrifice 
in depth resolution. Figure 4.6 shows TRR data simultaneously acquired at 
6328 A and 1.15 pm during SPE growth of a 4.3 pm thick a-Si layer at 625°C. 
Since there is a large difference in the absorption coefficients in a-Si at the 
two wavelengths (1.2x10^ cm“^ at 6328 A and 1.2x10^ cm“^ at 1.15 pm), the 
depth over which a usable TRR signal can be obtained is also different. For 
example, the TRR trace at the wavelength 6328 A, exhibits oscillations in 
intensity only during the last 4000 A of SPE growth. In contrast, the 1.15 pm 
data exhibit fully resolved oscillations over the entire 4.3 pm thick a-Si layer; 
the equal spacing between the interference peaks indicates that the SPE 
growth rate is constant throughout the layer. 
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4.3 Application Areas 

The first reports on SPE in silicon [4.16] and gallium arsenide [4.17] stim- 
ulated a wide range of experimental studies devoted to the characterization 
of the SPE crystallization behavior in elemental and compound semiconduc- 
tors. The ability to convert an amorphous layer to a highly ordered single 
crystal by SPE has been exploited in many technological applications. Some 
examples include: 

(i) recovery of ion implantation damage produced during, (a) introduction 
of electrically active impurities into elemental and compound semicon- 
ductors, and (b) modification of the optoelectronic and tribological 
properties of metal oxides 

(ii) preparation of semiconductor thin layers with dopant concentrations 
in excess of the solid solubility limit, 

(iii) growth of buffer layers on single crystalline substrates for improving 
heteroepitaxy of lattice mismatched heterostructures, 

(iv) low-temperature homoepitaxy and heteroepitaxy for high performance 
electronic and optoelectronic devices, 

(v) formation of SOI structures for applications in multilevel and three- 
dimensional microelectronics, 

(vi) growth of silicide layers for electrical contacts and Schottky barriers in 
Si-based devices [4.2]. 

All of the listed application areas of SPE are important from the point of 
view of the current technological practice in electronics. However, the items 
(ii) and (iii) seem to be most interesting for understanding the role of SPE 
in present day technology of electronic devices. Let us then discuss them in 
more detail. 

4.3.1 Growth of Highly Doped Epilayers 

The fundamental problems related to this subject concern the influence of 
impurities present in the amorphous layer on SPE growth rate, and the in- 
corporation feasibility of the impurities into the crystalline phase. Following 
[4.2], we will discuss these problems on the example of the a-Si/c-Si materials 
system. 

It is well established that doping impurities (substitutional atoms [4.18]), 
such as B (acceptor in Si), P and As (donors in Si), increase the SPE rate 
relative to the intrinsic value, i.e., the growth rate occurring in pure, intrinsic, 
amorphous phase, whereas non-doping impurities (interstitial atoms [4.18]), 
generally decrease the rate. However, the influence of impurities on the SPE 
process can be quite complex, since the rate-altering behavior is usually de- 
pendent on both the impurity concentration and the crystallization tempera- 
ture. For example, impurities such as As and P that increase the rate of SPE 
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when they are present at low concentrations can retard interface motion when 
they are present at high concentrations. Likewise, certain impurities cause the 
interruption of epitaxy at low temperatures but not at high temperatures. 
In other cases, increasing the temperature causes SPE to be disrupted by 
impurity-enhanced nucleation and growth. The behavior becomes even more 
complicated when two or more impurity species are present simultaneously 
in the amorphous layer. The large rate enhancements that are observed when 
doping impurities are present in an amorphous layer have been the subject of 
numerous studies. Basically, this effect can be discussed with respect to two 
separate concentration regimes. At low concentration, ~ 10^^ -5x10^^ cm“^, 
the SPE rate varies approximately linearly with dopant concentration. At 
higher concentrations the variation is non-linear and SPE eventually breaks 
down altogether. 

Additional insight into the effect of doping impurities on the SPE rate 
was provided by the experimental fact that although n- and p-type impuri- 
ties enhance the rate when acting separately, the simultaneous presence of 
both impurities at comparable concentrations in the amorphous layer acts 
to compensate the effect of either dopant acting alone and drives the SPE 
rate back to the intrinsic value [4.19,20]. This dopant compensation effect 
has been shown to hold over a wide range of temperatures (550-900°C) in 
samples containing B and P and has been observed using other p- and n-type 
dopant combinations as well [4.2]. The observation of compensation provided 
the first evidence that the effect of group-III and group-V impurities on SPE 
in a- Si is primarily electronic in nature. 

A large number of experimental studies have been conducted to under- 
stand the role of dopant atoms in the SPE process. Characterization of the 
rate enhancement occurring at concentrations for which the crystallization 
behavior is unaltered by competing effects such as impurity segregation is 
particularly important, since this information can provide unique insight into 
the fundamental mechanism of the SPE process. Virtually all early studies fo- 
cused on the qualitative aspects of the rate enhancement induced by selected 
impurities at higher concentrations, and most of the available data were not 
sufficiently precise to allow the exact form of the concentration dependence 
to be established. 

In extensive qualitative studies on impurity-induced rate enhancement, 
Walser and co-workers [4.21-23] showed that for concentrations less than 
about 0.1 at % the SPE rate increases linearly with dopant concentration. 
Both the pre-exponential factor and the apparent activation energy in (4.1) 
describing the SPE rate were found to be concentration dependent. They 
showed that in the low-concentration regime the SPE rate can be expressed 
in normalized form as 

v/vi(T) = l-^N/N,{T), (4.2) 

where v is the SPE interface velocity, Vi(T) is the intrinsic SPE velocity in 
undoped material, N is the impurity concentration at the c/a interface, and 
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Fig. 4.7. Dependence of the normalized Si SPE rate on normalized impurity con- 
centration for boron, and phosphorus. Straight lines are least squares fits of the 
data to equation (4.2) (taken from [4.23]) 



T is the crystallization temperature. Ni is a temperature dependent factor 
given by 

N;{T) = No exp{-AE/kT), (4.3) 

with A^o ~ 2.5 X 10^^ cm“^ and AE = 0.25- 0.35 eV for group-III and group- 
V impurities in a-Si. The form of this expression is significant. It suggests 
that impurity rate enhancement is an additive, not a multiplicative effect. 
Recognition of this point led to the development of an empirical model for 
impurity enhancement of the SPE rate [4.23] based on the participation of 
both neutral and charged defects, wherein the neutral defects are responsible 
for intrinsic SPE in undoped material, and the charged defects are responsible 
for the enhancement term N/Ni that appears in (4.2). The factor Ni contains 
an activation energy, AE (see (4.3)), which represents the reduction in the 
activation barrier for SPE due to the presence of charge on the defect. 

Experimental data on the effect of doping impurities, taken from the work 
of Walser and Jeon [4.23] are presented in Fig. 4.7. These data were obtained 
during annealing in a vacuum oven at temperatures of 450-575°C, in 20- 
25° C increments. Time resolved reflectivity was used for in situ determination 
of the SPE rate with a high degree of precision. Each sample contained a 
single energy implant of the species of interest into a layer pre-amorphized 
by implantation. The SPE rate as a function of the c/a interface depth 

was compared with secondary ion mass spectrometry (SIMS) measurements 
of the impurity concentration depth profile to arrive at the dependence of 
growth rate on concentration. For the data shown in Fig. 4.7, the lowest 
usable concentration was approximately 3x10^^ cm“^ and the upper limit of 
the linear regime occurred at roughly 3-5x10^^ cm“^ for the species studied. 

The experiments on growth rate for the low-concentration regime are im- 
portant for understanding of SPE peculiarities; however, their are not related 
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Fig. 4.8. Rate enhancement and retardation during SPE of a 2500 A thick pre- 
amorphized a-Si layer implanted with indium (Cpeak — 2.7x10^° cm'^). (a) TRR 
data obtained during SPE at 610° C. (b) Rate versus depth derived from data shown 
in (a). Dashed line gives the intrinsic SPE rate (taken from [4.2]) 



directly to understanding of the limits for SPE to occur in the high doping 
concentration regime. 

The recrystallization behavior is markedly altered when the concentra- 
tion approaches or exceeds the solid solubility limit. These changes are due 
to segregation of the impurity into the amorphous phase and the formation 
and propagation of defects at the c/a interface. Accumulation of impurity 
atoms at the interface retards SPE and eventually prevents further crystal- 
lization when the impurity concentration exceeds a critical value. This is 
illustrated by SPE in a-Si layers containing indium at concentration of about 
3x10^^ cm~^ (0.6at%). Figure 4.8a shows TRR data obtained during crys- 
tallization of an InT implanted film at 610°C. The Si (100) substrate was 
previously amorphized by Si^ implantation to a thickness of about 2500 A. 
The In+ was implanted at an energy of 125 keV and a fluence of 1 x 10^^ cm~^. 
The peak of the In profile was about 550 A from the surface, and the peak 
concentration Cpeak =2.7x10^^ cm“^. By using a pre- amorphized layer the 
rate changes caused by the In could be compared directly with the intrinsic 
rate in the same specimen. 

The data in Fig. 4.8b show that during crystallization at 610° C the inter- 
face moves through the intrinsic region at a nearly constant rate of 15 As~^. 
As the interface moves into the region containing the highest In concentra- 
tion, a rate increase is observed which is consistent with results obtained for 
other doping impurities in a-Si. However, a dramatic rate decrease occurs as 
the interface passes through the peak of the In profile and approaches the 
surface. Rate retardation in In”^ -implanted layers has been studied in the low- 
temperature regime by numerous investigations and it has been shown that 
the rate reduction is caused by segregation of the impurity as the interface 
propagates through regions of high concentration [4.2]. The progressive ac- 
cumulation of impurities at the c/a interface impedes interface motion to the 
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extent that it can cause complete cessation of epitaxial growth. At In concen- 
trations exceeding about 0.6 at % random nucleation and growth occurs, and 
a polycrystalline layer forms. It has been shown by Nygren et al. [4.24] that 
this amorphous-to-polycrystalline transformation can occur at temperatures 
as low as 200° C below the temperature for which random crystallization is 
observed in intrinsic material. This low-temperature a-to-p transformation 
has been described in terms of a melt-mediated process in which In diffuses 
and precipitates in a-Si to form an In-rich melt, which in turn promotes 
crystallization via dissolution and resolidification of a-Si [4.24]. 

Although epitaxy can be interrupted by segregation of impurities during 
low-temperature growth, the competition between SPE and impurity seg- 
regation at the c/a interface depends strongly on temperature, with SPE 
dominating during high temperature growth. It has been found that when 
samples of the type described in Fig. 4.8 are rapidly heated, using e.g., a cw 
laser, to temperatures approaching 900° C, essentially no retardation of epi- 
taxial growth occurs as the interface approaches the surface of the sample. 
Microbeam Rutherford back scattering (RBS) analysis of the recrystallized 
laser irradiated spots indicates that dopant redistribution is minimal under 
these heating conditions [4.2]. The results show that high temperature an- 
nealing is much more effective than conventional furnace heating for removing 
ion implantation damage and activating dopant atoms in In+- implanted lay- 
ers. 

During SPE, impurities can be incorporated at concentrations exceeding 
the equilibrium solid solubility limit. This important feature of SPE is sum- 
marized in Table 4.2, showing the data on the metastable solubility limits of 
dopant atoms achieved by SPE in ion-implanted a-Si. The equilibrium solid 
solubility limits for c-Si are compared with the metastable concentrations 
that have been achieved during SPE at T < 600° C. 

Subsequent high temperature annealing of recrystallized samples contain- 
ing doping impurities at the (metastable) concentrations shown in Table 4.2 
results in a decrease of the substitutional atom fraction and attendant pre- 
cipitation of the impurity species. The reader is referred to the review paper 
[4.2] and references cited therein for detailed information concerning the be- 
havior of specific impurities and more complete exposition of the complex 
behavior that can occur during SPE in the presence of doping impurities at 
concentrations in excess of equilibrium solid solubility limits. 

4.3.2 Growth of Buffer Layers 

Dislocation densities in highly mismatched heterostructures may be consid- 
erably reduced by growing on the mismatched substrate a so-called buffer 
layer for the final epitaxial growth of the desired epilayaer. A buffer layer is, 
thus, an intermediate single- or multilayer material system which matches 
the substrate and the epilayer, which are highly lattice mismatched, one to 
the other. Recently, it has been shown that SPE is a useful technique for 
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Table 4.2. Equilibrium solid solubility limits and measured metastable solubility 
limits for selected impurities in Si, related to SPE processes at T < 600° C (taken 
from [4.2]) 



Impurity species 


Maximum equlilbrium 
solubility (in cm~^) 


Metastable solubility 
limit (in cm~^) 


Ga 


4.5 X 10^® 


2.5 X 10^° 


As 


1.5 X 10^^ 


9 X 10^^ 


In 


8 X lO^'^ 


5 X 10^® 


Sb 


7 X 10‘® 


1.3 X 10®^ 


T1 


< 5 X 10^^ 


4 X 10^® 


Pb 


< 5 X 10^'^ 


8 X 10^® 


Bi 


8 X 10^^ 


9 X 10^® 



growing buffer layers in some III-V [4.25] or II- VI [4.26,27] heterostructure 
material systems. 

Let us concentrate here only on the growth of an AIN buffer layer for het- 
eroepitaxy of gallium nitride on sapphire (a-Al 203 ) [4.25]. GaN is one of the 
most promising semiconducting materials for optoelectronic devices in the 
region from blue to ultraviolet light, because it has a direct energy band gap 
of 3.39 eV at room temperature. It is extremely difficult to grow large scale 
bulk single crystals of GaN because of the high equilibrium pressure of nitro- 
gen at growth temperatures over 1000°C. Therefore, vapor phase epitaxial 
methods, such as metalorganic vapor phase epitaxy (MOVPE) and hydride 
vapor phase epitaxy (HVPE) have been conducted using dissimilar substrates 
like sapphire or silicon for growing GaN single crystal films. However, it had 
been fairly difficult to grow high quality epitaxial films, in particular, with a 
smooth surface free from cracks, because of the large lattice mismatch and 
the large difference in the thermal expansion coefficients between GaN and 
those substrates as shown in Table 4.3. 

To solve the problem, the deposition of a thin buffer layer before GaN 
growth was proposed [4.28]. In the case of sapphire substrates, surface mor- 
phology as well as electrical and optical properties of GaN films have been 
improved remarkably by preceding deposition of AIN [4.29] or GaN [4.30] 
buffer layer before MOVPE growth of GaN films or by preceding deposition 
of ZnO [4.27] buffer layer before HVPE of GaN. The improvement in match- 
ing of lattice constants, as well as thermal expansion coefficients gained by 
introducing a buffer layer into the heterostructure is evident from data shown 
in Table 4.3. 

When growing GaN on sapphire (0001) surface by MOVPE a thin AIN 
buffer layer of about 50 nm thickness was deposited at about 600° C before 
starting the growth of GaN. Then, the substrate temperature was raised to 
a growth temperature of about 1040° C, and a GaN film was grown. The sur- 
face morphology as well as the electrical and optical properties of GaN film 
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Table 4.3. Lattice mismatch Aa/a and differences in thermal expansion coefficients 
Aa/a (taken from [4.25]) 



GaN on substrate 


Aa/a (%) 


Ao/a (%) 


GaN (0001) /Sapphire (0001) 


+13.9 


-34.2 


GaN(0001)/Si(lll) 


-20.4 


+55.3 


GaN on buffer layer 


Aa/a (%) 


Aa/o (%) 


GaN(0001)/AlN(0001) 


+2.5 


+5.5 


GaN(0001)/ZnO(0001) 


-1.9 


+1.6 


GaN(0001)/3C-SiC(lll) 


+3.4 


+48.1 



have been remarkably improved by the preceding deposition of a thin AIN 
layer as a buffer [4.31]. From electron diffraction spots the crystallographic 
relations between GaN, AIN and o;-Al203 were found to be [0001] GaN || 
[0001]A1N II [0001] AI2O3 and [lT00]GaN || [1T00]A1N || [lT00]Al2O3. The 
sharp spots of AIN indicate that this layer is crystallized epitaxially on the 
sapphire substrate during raising the temperature and/or the growth of GaN. 
The relations given above agree with those occurring in GaN grown directly 
on (0001) AI2O3 without the AIN buffer. Observation on initial growth stage 
and cross-sectional TEM images of GaN films revealed the growth process of 
GaN without and with an AIN buffer layer, which are shown schematically 
in Fig. 4.9. In the case of a GaN film without an AIN buffer layer the nucle- 
ation density of GaN on the sapphire substrate is low as shown in Fig. 4.9a. 
Many hexagonal GaN columns with difiPerent sizes and heights are formed 
and they grow three-dimensionally, resulting in rough surface and many pits 
at their boundaries. Furthermore, many crystalline defects generate near the 
boundaries between GaN grains, which is caused by misorientation of each 
island. 

The growth process of GaN film with AIN buffer layer is shown in 
Fig. 4.9b. The AIN buffer layer has amorphous-like-structure at the deposi- 
tion temperature of 600° C, but when the temperature is raised to the growth 
temperature of GaN (1040°C), AIN is crystallized by SPE and then it ex- 
hibits the columnar structure. Since the AIN films were single-crystal-like 
from electron diffraction spots, orientations of AIN columnar crystals were 
found to be crystallographically well oriented to each other. Each GaN col- 
umn is grown from a GaN nucleus which has been generated on the top of 
each columnar fine AIN crystallite. Therefore, it is thought that high den- 
sity nucleation of GaN occurs owing to the high density of the AIN columns, 
as shown in Fig. 4.9b, compared with the nucleation density of GaN grown 
directly on the sapphire substrate. 

The columnar fine GaN crystals increase accordingly in size during the 
growth and the crystalline quality of GaN is improved in this stage. It is 
thought that geometric selection of the GaN fine crystals occurs. Each fine 
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Fig. 4.9. Schematic diagrams showing the growth process of GaN as the cross- 
sectional views, (a) on a sapphire substrate, without an AIN buffer layer, (b) on 
an AIN buffer layer grown by SPE on the sapphire substrate (taken from [4.25]) 



crystal of GaN begins to grow along the c-axis, forming a columnar struc- 
ture. Each column has a different random orientation and does not keep 
growing uniformly. The number of columns emerging at the front gradually 
decreases with the front area of each column increasing accordingly. Because 
only columns survive that grow along the fastest growth directions (i.e., the 
c-axis of each column is normal to the substrate surface), then all columns 
are arranged in the direction normal to the substrate surface, indicated by 
the arrows in Fig. 4.9b. 

In the next stage the trapezoidal crystals are formed on the columnar 
crystal. As the front area of the column increases by the geometric selection, 
the c-face appears in the front of each column and trapezoid islands with 
the c-face are formed. These islands preferentially grow up to become larger 
trapezoidal crystals, which cover the minor islands nearby. The pyramidal 
trapezoidal crystals grow at a higher rate in a transverse direction, because 
the growth velocity of the c-face is much slower. After the lateral growth 
the islands repeat coalescence of each other very smoothly. Finally, since 
crystallographic directions of all islands agree well with each other, one can 
obtain a smooth GaN layer with a smaller number of defects as a result of the 
uniform coalescence. Thus, the uniform layer-by-layer growth occurs creating 
high quality GaN with low defect density and a smooth surface. 

From the above results, the roles of the SPE-grown AIN buffer layer on 
GaN MOVPE growth are summarized as follows [4.25]: 

(i) high density nucleation of GaN occurs on AIN columnar crystals. 
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(ii) geometric selection occurs among the GaN fine crystals which are able 
to arrange the crystallographic direction of GaN columnar crystals, 

(iii) because of coalescence among GaN crystals which have been arranged 
in the crystallographic direction, crystalline defects near the interface 
between the grains are much reduced, 

(iv) because of the higher lateral growth velocity of the pyramidal trape- 
zoidal islands with c-face on the top, the surface is covered at an early 
growth stage and a smooth surface is easily obtained. 

One may conclude that as a consequence of the above listed features of the 
GaN growth process, the SPE growth of the AIN buffer layer plays a crucial 
role for realization of uniform growth and for obtaining high quality GaN 
films with few defects even on a highly mismatched (13.8%) substrate like 
Q:-Al 203 . 




5. Liquid Phase Epitaxy 



Liquid phase epitaxy (LPE) is the deposition from a liquid phase (a solu- 
tion or melt) of a thin single crystalline layer isostructural with the substrate 
crystal [5.1]. Usually LPE is performed using a solution as the liquid phase, 
because this is advantageous against the cases when a melt is used. In com- 
parison to the growth from melts, growth from solutions: 

(i) allows for epitaxy at lower temperatures, 

(ii) enables better control of the amount of the crystalline phase grown or 
removed by dissolution, 

(iii) leads to crystallization of layers with lower densities of defects, whether 
intrinsic (point defects) or extrinsic (e.g., impurities dissolved from 
crucible material), 

(iv) makes it possible to grow layers sequentially from a series of solutions 
of differing composition, but with very similar and readily controlled 
liquidus temperature (liquidus is the border-line on the “temperature- 
concentration (composition)” phase diagram between the pure liquid 
region and the solid-liquid co-existence region (see Sect. 11.3)), and 
last but not least, 

(v) allows for considerable reduction of the vapor pressure of volatile com- 
ponents of the compounds (e.g., P in the case of InP and As in the 
case of GaAs) by working at temperatures far below the melting point. 

It is worth emphasizing that LPE operates near thermodynamic equilibrium, 
which results in low nutrient fluxes and makes mass transport and diffusion 
eflPects more important, while diminishing the importance of surface reaction 
and incorporation phenomena. 

There are essentially two ways of promoting growth from a liquid solution 
on the solid substrate crystal: either the substrate may be immersed in the 
supersaturated solution, or this solution may be transported into the region 
of the crucible in which the substrate is located. There are, however, many 
variations of these basic processes differing more or less in the details [5.1-3]. 
The thermodynamic driving force for LPE is normally generated by cooling 
the substrate below the liquidus temperature on the relevant phase diagram. 
An LPE procedure consists, thus, of providing mechanisms for: 

(a) creating supersaturation of the solution. 
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(b) introduction of the substrate platelet upon which the precipitation of 
the solid film from the solution will occur, 

(c) controlling the morphology, uniformity and perfection of the epilayer, 
and 

(d) removing from the melt the substrate with the epilayer grown on it. 

Steps (b-d) are repeated for multiple layer growth, where layers of different 
composition and/or doping are grown sequentially on the same substrate. 



5.1 Standard Techniques 



Many of the growth systems used today were developed as a result of nu- 
merous experiments conducted with other designs. LPE is practiced in three 
major ways: tipping, dipping, and sliding. The first growth systems explored 
were the tipping device [5.4] and the dipping device [5.5]. Both systems 
have been found appropriate for growing single, nominally homogeneous lay- 
ers of most of the semiconducting III-V and II- VI compounds important for 
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Fig. 5.1. Schematic illustrations of the basic LPE growth systems: (a) tipping 
furnace system [5.4], (b) vertical dipping system [5.5], (c) multicompartment slider 
boat system [5.6] (taken from [5.3]) 
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optoelectronic devices. Application of these systems is obvious and straight- 
forward (see Figs. 5.1a,b and 5.2). The original tipping furnace as well as 
the dipping apparatus have since been perfected into systems which permit 
simultaneous growth on many large-area substrates [5.3]. 

An important step in LPE technology was the introduction of multi- 
compartment slider systems (Fig. 5.1c), which have been employed for the 
growth of multilayered structures [5.6]. These systems, and modified versions 
thereof, such as rotating drum devices [5.7] were developed mainly to prepare 
GaAs/AlGaAs heterostructures for biheterojunction lasers [5.8,9]. 

LPE is a fairly simple and quite flexible technique for the growth of semi- 
conductor compounds and alloys. The quality of material obtained by LPE 
is excellent, often superior to the best obtained by MBE or VPE. This high 
material quality can be partially attributed to the stoichiometry of the solid. 




a) 




b) 



Fig. 5.2. (a) Temperature changes 
during one growth cycle in a tip- 
ping furnace (higher part); the sub- 
strate is exposed to the solution at 
temperature Ts. A schematic illus- 
tration of the rotated tipping cru- 
cible positions in the cycle is shown 
in the lower part, (b) Photograph 
of the rotated tipping crucible, sup- 
ported by elastic quartz rods in the 
position when layer growth was ter- 
minated. A small droplet of solution 
residue is visible at the lower edge 
of the substrate (taken from [5.3]) 
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which is always on the group Ill-rich boundary of the solidus [this is the 
border-line on the “temperature-concentration (composition)” phase diagram 
(see Sect. 11.2)], which causes reduction of the concentration of group III 
vacancies in the epilayer. In addition, the solution retains many harmful im- 
purities because of their small distribution coefficients. For example, when 
A1 is present in the solution, any oxygen present forms the very stable AI 2 O 3 
oxide, thus preventing oxygen incorporation into the solid. This “gettering” 
of impurities allows the routine growth of III-V semiconductors of very high 
purity with excellent electrical and optical properties. Thus, LPE has been 
the epitaxy technique of choice for producing material in the laboratory for 
research on new semiconductor devices. 

However, LPE also shows serious drawbacks, especially from the point of 
view of producing abrupt interfaces. Large-scale production of materials e.g., 
the simultaneous growth on large numbers of substrates is technologically 
difficult by LPE, and the morphology is also notoriously difficult to control. 
Surface defects such as metal drops from incomplete liquid removal from the 
surface (see Fig. 5.2b), terraces, and so-called meniscus lines are commonly 
observed. In addition, thickness variation over several square centimeters have 
also been observed experimentally [5.10]. 



5.1.1 Transport Processes 

From the basic point of view, LPE can be regarded as a form of solution 
growth (or dissolution) on a crystalline substrate that may consist of some 
of the elements that exist in the liquid phase. Therefore, one is concerned 
with the way in which atoms or growth units are transported through liq- 
uid and solid phases and how they attach to, or detach from the film sur- 
face. The process can be assisted by externally applied forces such as cool- 
ing programs, electric fields, thermal gradients, or convection. The case of 
near-stoichiometric binary compounds is easiest to understand, since then 
processes in the solid phase are insignificant. Of course, vacancy and impu- 
rity redistribution always occur, but presumably, they have only secondary 
effects on growth and dissolution kinetics. 

The macroscopic theory of LPE growth and dissolution kinetics of binary 
compounds was fairly complete, at least for one-dimensional models, with 
the appearance of the work of Giess and Ghez [5.11]. To introduce proper 
terminology we will summarize the most important points of these models, 
here. 

The left-hand part of Fig. 5.3 represents a part of the typical phase 
diagram for equilibrium states between a congruently melting solid AB and 
a liquid phase consisting of B atoms in a solvent A. Thus, at a given tem- 
perature T a concentration Ce of B in the liquid is associated with a unique 
compound composition Cg. In other words, the solid-liquid equilibrium states 
are connected by the tie-line S'e — Eg. Points to the right of the liquidus, such 
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Fig. 5.3. Phase diagram (left-hand side) and solution’s concentration distribution 
(right-hand side) in a binary system for which the solid (fusion temperature Tf) is 
nearly stoichiometric (taken from [5.1]) 



as correspond to metastable states that can be realized in supersatu- 
rated (or supercooled) solutions. Points to its left, labeled L“, correspond to 
undersaturated solutions. Now, a solution whose bulk composition is Coo is 
generally not in equilibrium with the solid at the processing temperature T. 
In this connection it is convenient to define the absolute supersaturation 



(T = 



Coo-Ce 

a -a 



(5.1) 



which is a dimensionless ratio of the previously defined quantities. If L+ cor- 
responds to a liquid composition in the two-phase region (a > 0), as drawn 
in Fig. 5.3, then contact with the solid would tend to promote growth. This 
is demonstrated in more detail on the right-hand side of the diagram, where 
the concentration C{z^ t) of B in the liquid decreases from its prepared value, 
far from the solid-liquid interface, to its interface value Ci. Surface rate lim- 
itations may cause Ci to differ from Ce- An analogous picture holds under 
dissolution conditions that correspond to the initial state L~ oi the solution, 
i.e. when Coo is less than Cg. In either case one can calculate the concentra- 
tion distribution, hence the growth or dissolution rate f{t). The time integral 
h{t) = f f(t)dt represents the total amount of solid that has grown or dis- 
solved during the processing time t [5.1]. 

This picture of LPE describes the physical reality in the growth system 
only in the first approximation. Therefore, the following comments are re- 
quired. 



(i) One-dimensional diffusional mass flow is considered, while convection 
in the liquid phase is neglected. The only exceptions are estimates of 
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edge effects in quiescent liquids and the influence of forced convection 
caused by substrates in a “moving” configuration (as in the case of 
a multicompartment slider boat system shown in Fig. 5.1c). In the 
latter case, the liquid is effectively bounded, and fresh growth units, 
at the concentration Coo, are fed to the boundary layer at its edge 
z = 8. Even in the absence of forced convection, if the liquid is finite 
in extent (when it is, e.g., bounded by an inert wall), then a “no-flux” 
condition at the wall z = has to be imposed. 

(ii) Surface rate limitations are handled by introducing a “surface-react- 
ion” rate constant k. When k is very large Ci tends towards the equi- 
librium value Ce [5.1]. 

(hi) Although LPE can be practiced at constant temperature, for some 
material systems (e.g., for compound semiconductors), there are many 
systems that require externally imposed driving forces such as negative- 
temperature ramps T{t) = Tq — ret, where Vc is the cooling rate. This 
drives Cg downwards and causes an additional supersaturation. To first 
order in time, one finds that 

where Cq and m are, respectively, the equilibrium concentration and 
liquidus slope at the initial temperature Tq. Consequently, the system 
responds with a time constant r = mCo/\rc\. For this case, and k being 
large, the time integral h{t) is given in the form [5.12] 



h{t) = VDt 



2{Cqo - Cq) sign(rg) 4Cp 

V2(Cs - Co) \ry 3^/7^{Coo ~ Cq) 



t 

T 



(5.3) 



(iv) When k is not large (surface limitations are significant), then closed- 
form solutions are unavoidable. For the case of the first-order surface 
kinetics, one can reduce the problem to the solution of a rather simple 
integral equation, or to various perturbation series [5.1]. For short pro- 
cessing times, first-order kinetics implies that h{t) be proportional to 
C, while nth-order kinetics implies that h{t) initially varies as 



5.1.2 Tw^o-Dimensional Effects 

Substrate wafers used in LPE processes are usually not large (seldom exceed- 
ing 25 mm in diameter) and are often patterned by masks or sometimes they 
develop morphological features, especially during dissolution. There is thus a 
need for two-dimensional models. The first two cases are almost completely 
understood in the sense that they represent cases of selective deposition in 
the vicinity of inert regions, either deposited masks or the wafer’s edge. Then, 
flux lines converge towards those edges to cause enhanced growth. This has 
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been successfully modeled analytically for LPE from quiescent, supersatu- 
rated solutions without temperature programming [5.1]. 

LPE is particularly rich in morphological features, and it is tempting to 
apply the morphological stability theory of Mullins and Sekerka [5.13] (see 
Sect. 11.6). Technically, this is incorrect because the unperturbed state is al- 
most always time dependent, and therefore the perturbation amplitudes must 
depend on all the previous history, i.e., they must satisfy relevant integro- 
differential equations in time. However, when LPE occurs under quasi-steady- 
state conditions [5.14], Small and Potemski have shown [5.15] that morpho- 
logical instabilities can be handled by standard methods. 

5.1.3 LPE of Compound Semiconductors 

The compound semiconductors have stimulated the development of techno- 
logical applications of different implementations of the LPE technique by 
virtue of their feasibility to be used in light emitting devices like lasers and 
light emitting diodes (LEDs), as well as in photo detectors, especially de- 
signed for the far-infrared spectral regions [5.16]. Due to the binary nature of 
the simplest systems, there is a wide range of possible combinations, e.g., AlP 
to InSb, while combinations of binary pairs can be alloyed to make ternary or 
quaternary alloys with continuously variable properties. Thus, technological 
applications of LPE of compound semiconductors had been developed by the 
1960s. 

In implementation of the LPE technology, the design and construction 
of a graphite “boat” to allow the required sequence of layers to be grown, 
while also to reduce degradation of either the substrate prior to the growth 
or the completed structure following growth, is a basic factor. High-purity 
graphite is the material of almost universal choice for this function since 
it can be readily machined into parts of the necessary precision to make the 
boat. As already has been shown in Fig. 5.1c, the boat consists of a base, into 
which a recess is machined to accommodate a substrate, and a sliding part 
to contain the solutions. The two sliding parts are held together sufficiently 
firmly to prevent leakage of solution from their containers, while allowing free 
movement. Multiple-layer growth is normally practiced using a sequence of 
solutions ordered as the layers to be grown and traversed in one direction 
only, while for simpler structures the boat can be moved back and forth 
to reposition the same solution over the substrate. In addition to the parts 
listed, there may be graphite capping pieces, to cover and project into each 
well to define both the shape and the depth of the solutions, allowing different 
depths within one set (see Fig. 5.4). 

An atmosphere of ultra-pure hydrogen is used to provide a clean envi- 
ronment in a simple closed-ended tube. A removable cap at one end allows 
access for removal and introduction of the boat. It also incorporates a sliding 
vacuum seal to couple mechanical movement to that of the slider. The glass 
parts should be of high-purity quartz and the sliding seal should be proof 
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Fig. 5.4. Slider arrangement for growing multiple layers of compound semiconduc- 
tors (taken from [5.1]) 



against the introduction of oxygen (the pressure inside the system is slightly 
above atmospheric). 

Another major component is the tube furnace, whose function is generally 
to provide an environment with as small a temperature gradient as possible 
along the length of the boat. The relative temperatures of the parts of the 
boat should be reproducible to about 0.1° C while the absolute temperature 
control need not be better than about 1°C. Temperature gradients have been 
imposed along the direction of motion of the sliding part to cause solutions 
to be cooled as they are moved into the position where growth is to take 
place. When a series of layers is grown for different times, this results in 
supercoolings which are determined by the period of growth and the interface 
time integral h{t). However, vertical gradients are in some growth processes 
more useful. 

Loading the boat consists of the final preparation of the polished sub- 
strate and loading the measured constituents of each solution into the ap- 
propriate wells. A process of weighing the constituents of each solution with 
sufficient precision to achieve a small, known supersaturation at the time 
each is brought in contact with the substrate is impractical. An alternative is 
to deliberately introduce an excess of a major binary component, preferably 
in the form of wafer [5.17], which will float on the surface of each melt and 
maintain equilibrium with the surface layer of the solution. During cooling 
a concentration difference will develop between the top of the solution, in 
equilibrium with solid, and the bottom, which is in contact with graphite. 
Thin solutions, ?^3mm, will ensure that the supercooling will not be very 
large for the slow cooling rate used. By varying the depth of the solutions 
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contained in the boat, different supercoolings can be achieved for different 
layers. The best geometrical uniformity can be obtained if the saturating 
solid material covers the entire surface of each melt. Ternary and quaternary 
materials can be grown using the described method. In the case of ternaries, 
such as (AlGa)As, the source substrate may be a GaAs wafer, the surface 
of which automatically attains the equilibrium alloy composition. For qua- 
ternary systems not all apparently suitable solid sources can be used, since 
some binaries will be dissolved. 

In order to achieve a precise control over the LPE processes, experiments 
dedicated to fundamental understanding of the growth kinetics are required. 
Let us discuss some of these experiments. 

Inatomi and Kuribayashi [5.18] have demonstrated how it is possible to 
view the interface of a III-V material using infrared radiation penetrating 
through the substrate towards the growing interface. Observations have re- 
vealed the existence of pits formed during dissolution, macrosteps with scal- 
loped shapes between pinned points moving across vicinal surfaces on slightly 
off-oriented substrates, and hillocks formed at a density correlating with that 
of dislocations, growing and joining at larger off-orientations. The same tech- 
nique has been applied to measure growth rate in real time [5.19]. 

Nishinaga et al. [5.20] have demonstrated how it is possible to measure 
the nitrogen concentration in GaP using the spatially resolved photolumi- 
nescence technique (SRPL) with sufficient resolution (5 pm) to show periodic 
variations across each terrace and lower concentrations at the terrace steps 
on vicinal surfaces of an off-oriented substrate, which observation is counter 
to conventional models of LPE. Zhang and Nishinaga [5.21] applied the same 
SRPL technique to GaP layers grown by epitaxial lateral overgrowth (ELO). 
Similarly to the already described ELO processes in SPE, also in LPE the 
epilayers grow first by restricted nucleation in small windows defined in Si 02 
on the substrate’s surface, so reducing the number of dislocations which can 
propagate through the windowed areas. Growth emerges from the windows as 
star-like patterns advancing (growing) over the oxide plane, which reflects the 
strong orientation dependence of the lateral growth rate. Atomically flat sur- 
faces are obtained in this way. Similar experiments with the ELO technique 
have been performed also with GaAs. 

Let us conclude this survey of the main features of the standard version 
of LPE with the following statements taken from [5.1]. 

(i) LPE remains a relatively safe, cheap, flexible crystal-growth process 
with the potential for low processing temperatures compared to the 
melting point of the material in question. The epitaxial layers of com- 
pound semiconductors produced by this process exhibit very good 
opto-electronic properties which is largely due to low densities of point 
defects. This is partly due to the stoichiometry of LPE material. For 
example, the growth of GaAs from a Ga-rich melt always produces ma- 
terial with the most Ga-rich stoichiometry. Thus defects such as Ga 
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vacancies and As atoms on Ga sites (the As antisite atoms) are virtu- 
ally nonexistent in LPE material. The As antisite defects are believed 
to be related to the deep electron trap denoted EL2, which is known 
to have a deleterious effect on several materials properties [5.22]. 
Freedom from background elemental impurities is partly due to the 
availability of high-purity metals, which are typically used as solvents 
and the inherent purification process that occurs during the liquid 
to solid phase transition for solutes with distribution coefficients of 
less than unity. Very important for the LPE growth of Al-containing 
materials, such as AlGaAs, is the purification process where oxygen in 
the system forms highly stable AI 2 O 3 on the surface of the liquid, thus 
preventing oxygen incorporation into the epitaxial layer. This allowed 
the early AlGaAs layers grown by LPE to be far superior to layers 
grown by any other technique. 

(ii) The fact that the solution phase and crystalline phase are at equi- 
librium results in a number of serious disadvantages to the process, 
particularly that there can be intermixing between phases, and most 
importantly, this may happen during the formation of heterostruc- 
tures. It would appear that the presence of vacancies at the interface 
results in fast inter diffusion, of dopants for example, while the inter- 
faces of heterostructures are constitutionally unstable and render some 
systems either very difficult or impossible to grow. 

(iii) The morphology of LPE material is determined by the process of in- 
troduction and removal of the solution phase to the surface, the crystal 
growth morphology, and also by the intersection of line defects with 
the surface. Morphology plays a role in the performance of devices and 
more work in this area would be rewarding. 

(iv) Selective epitaxy through windows (ELO) has been shown to produce 
atomically smooth surfaces and this offers a route to improving the 
morphology where this is allowed by other constraints in the fabrica- 
tion process. 

(v) Modeling has been successful in treating the compositional interchange 
between solid and solution for ternary systems; however, there is no 
complete theory for quaternary and higher-order systems. 

Without going into further details on standard LPE growth techniques, 
but instead referring the reader to [5.1-3] and [5.10] for more information 
concerning this subject, we will discuss now a special modification of LPE, 
known in the literature under the name liquid phase electroepitaxy (LPEE) 
[5.23-25]. 
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5.2 Liquid Phase Electroepitaxy 

Liquid phase electroepitaxy (LPEE) is a modification of LPE in which a di- 
rect electric current (DC) passing through the solution-substrate interface, 
and the phenomena related to this current (the Peltier effect and electro- 
migration) are the driving forces for deposition of the epitaxial layer at a 
constant temperature (see [5.23,26] for a review). LPEE has been found to 
be very effective for growth of bulk-like, very uniform, and nearly disloca- 
tion free crystals of multicomponent semiconductors. InGaAs crystals with 
diameters of 14 and 25 mm have been grown by this technique on InP [5.27] 
and GaAs [5.28] substrates, respectively, while AlGaSb crystals of 15 mm in 
diameter have been grown on GaSb substrates [5.29]. In all of these cases 
the crystals obtained were up to 3 mm thick and composition fluctuations in 
the growth direction as well as in the growth plane did not exceed 1%. The 
structural quality of the crystals was as high as that of thin epitaxial layers, 
i.e., much higher than the quality of the melt grown substrate crystals. 

These facts have raised considerable interest in growing by LPEE bulk 
crystals which could be used as substrate platelets for other epitaxial growth 
processes. The thicknesses of such bulk-like single-crystalline platelets can 
exceed by many times the thicknesses of the substrates used for their growth 
by LPEE. Especially interesting is a combination of LPEE with heteroepitax- 
ial lateral overgrowth (HELO) (see Sect. 14.1.6). When applying this hybrid 
technique high quality alloys can be grown on commercially available binary 
substrates, despite the alloy-substrate lattice mismatch. Thus, the growth of 
multicomponent III-V substrate crystals with a required value of the lattice 
constant becomes possible [5.30]. 

In discussing here the principles of LPEE, we will follow the pioneer- 
ing work of Jastrzebski et al. [5.24]. It has been recognized for many years 
that precise control of the microscopic growth velocity (and thus control of 
segregation and defect structure) is a considerable problem in standard LPE 
growth processes. However, nearly perfect control of these parameters is much 
easier to be achieved through passage of electric current across the growth in- 
terface since it induces Peltier cooling (or heating) in the immediate vicinity 
of the interface and also causes electromigration of the solute to the growth 
interface. Thus, when the whole LPEE growth system is maintained at con- 
stant temperature, the growth occurs due to the Peltier and electromigration 
effects. Although approaches to perfect control of the LPEE growth process 
have been demonstrated on a laboratory scale, this technique has never been 
used on a production scale, because of unavoidable superimposed convective 
instabilities in the melt and other complexities introduced by Joule heating, 
which occurs when electric current is passing through a conductive medium 
(in LPEE, through the metallic solution contacting the semiconducting sub- 
strate crystal) [5.30]. 
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5.3 The LPEE Process and Related Phenomena 

Electroepitaxy utilizes the standard LPE configuration modified to per- 
mit passage of electric current through the solution-substrate interface. A 
schematic representation of a typical growth cell is shown schematically in 
Fig. 5.5. After thermal equilibration, growth is initiated and sustained by 
passing electric current through the substrate-solution interface in the ap- 
propriate direction (see below), while the overall temperature of the system 
is maintained constant. 

Peltier cooling is, thus, the driving force for epitaxy in this case. The 
substrate and solution, being different electrical conductors, have different 
thermoelectric coefficients. Thus, flow of electric current across their interface 
is accompanied by absorption of heat or evolution of heat, depending on 
the current direction. The magnitude of this heat, Q, is proportional to the 
differences in Peltier coefficients, tt^, and the current density, J. One then 
gets the relation 

Q = AiTpJ. (5.4) 

For III-V semiconductor compounds and the temperature range used in elec- 
troepitaxy, Q is of the order of 1 W cm“^ at a current density of about 
10 Acm“^. In an equilibrated isothermal LPE system the absorption of this 
heat decreases the interface temperature by ATp, which is typically of the 
order of 0.1 or 1°C and, thus, induces supersaturation leading to epitaxial 
growth. 

Using the pertinent part of a schematic phase diagram of the III-V com- 
pound (see Fig. 5.6a), Peltier induced LPE can be illustrated by the vertical 
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Fig. 5.5. Schematic representation of growth cell used for electroepitaxial growth 
of GaAs from Ga-As solution and of the temperature profile resulting from 
Peltier cooling at the substrate-solution interface and from Peltier heating at the 
substrate-electric contact interface (taken from [5.24]) 
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(a) (b) (c) 

Peltier cooling electromigration Peltier cooling plus 

electromigration 




Fig. 5.6. Schematic representation of the pertinent part of the phase diagram of an 
III-V semiconductor compound system and transitions involved in electroepitaxial 
growth given for the case of (a) Peltier cooling (b) electromigration and (c) both 
(taken from [5.24]) 



transition Aq-^A^, i.e., supercooling, and the subsequent horizontal transi- 
tion A^ Ai which leads to precipitation (solidification of the III-V com- 
pound). Using temperature-composition coordinates (T,(7), the process can 
be expressed as (Tb, Co) (Tq - ATp, Co) (To - AT^, Ci). Accordingly, in the 
following treatment of growth induced by Peltier cooling, the supersaturation 
Cl — Co will be approximated as 



Cl - Co = ATp 



dC 

dT 



To 



(5.5) 



where L designates the liquidus. 

The solutions of the constituent elements of group III-V compounds used 
in electroepitaxy are metallic conductors; essentially they exhibit no ionic 
contributions to the current. However, in these solutions, as in other liq- 
uid metals, electromigration takes place due to electron- momentum exchange 
and/or electrostatic field forces. Under the electric field E induced by the cur- 
rent flow, species in solution migrate with a velocity v = (jlE , where fi is the 
electron mobility. For example, in the Ga-As solutions, electromigration of As 
species is anode directed; thus, when the substrate has a positive polarity, the 
solution becomes supersaturated with As at the substrate-solution interface 
leading to epitaxial growth. As shown schematically in Fig. 5.6b, electromi- 
gration causes (in thermally equilibrated solution) a transition i.e., 

supersaturation, which in turn leads to a transition A^^Aq, i.e., precipita- 
tion (solidification) of GaAs. In T, C coordinates, these transitions can be ex- 
pressed as (To, Go) (To, Co+AG) ^ (To, Go). When both Peltier cooling and 
electromigration are significant, the following transitions are involved in the 
growth process (Fig. 5.6c): the diagonal supersaturation transition Ao— )^A^, 
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i.e., (To, Co) (To — ATp, Co + AC) and the horizontal precipitation (solidi- 
fication) transition i.e., (To — ATp, Co + AC) (To — ATp, Ci). 

In treating the solidification (precipitation) transitions as strictly isother- 
mal, it must be assumed that the contribution of the heat of solidification is 
negligible. This assumption is justified for the commonly encountered rates 
of solidification in LPE which are of the order of 1 pm min~^. 



5.3.1 Growth Kinetics in LPEE of GaAs 



In the model of electroepitaxy presented above it is assumed that the solute 
transported to the advancing growth interface is removed from the solution 
only through epitaxial growth on the substrate. Transport of solute due to 
temperature gradients in the solution is neglected but solute transport due to 
convective fiow in the solution is taken into consideration. In certain approx- 
imations and in calculations presented in this consideration, electroepitaxy 
of GaAs from Ga-As solution is used as a specific example [5.24]. 

The widely adopted isothermal diffusion treatment of LPE is here ex- 
tended to include solute transport by electromigration which is controlled by 
the mobility p of the migrating solute and the electric field E in the solution: 
thus. 




where D is the diffusion coefficient of the solute in the solution, C is the 
concentration, x is the distance from the advancing growth interface, v is 
the growth velocity, and t is the time. It should be noted that the sign of 
the electromigration term ii\E\{dC / dx) is determined by the direction of the 
current fiow. 

The following boundary conditions are considered applicable in the present 
case (the notation is as in Fig. 5.6; the concentration in the solid is Cs and 
the thickness of the solute boundary layer is S). In the absence of convection 
{S = oo): 

(a) D{dC/dx)\o-fi\E\Ci=v{Ci-Cs), 

(b) at t = 0, C = Go for all x, 

(c) at t > 0, G = Co for 2 : = cxD (absence of convection), or 

(d) at t > 0, G = Go for X > (5 (presence of convection), 

(e) at t > 0 and x = 0, G = G/ (growth follows the liquidus line). 



By solving the transport equation (5.6), the following expressions are ob- 
tained for the growth velocity of electroepitaxy (the procedure for solving 
(5.6) is given in [5.24]): 



ATp dC 

{Cs - Cl) ■ ^ 
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in the presence of convection (finite boundary layer thickness) 

ATp ^ 

{Cs - Cl) dT ^ V TTi erfc - erfc 

- ^l\E\ • (5.8) 

where ATp is the temperature decrease at the interface due to Peltier cooling. 

Equations (5.7) and (5.8) can be rewritten in a simplified general form 
where the contribution to the growth velocity by the temperature decrease 
at the interface (Peltier cooling) and by electromigration are designated vt 
and ve^ respectively: 



V = VTfk{E,S,t) + VE: 
where 



AT„ 



Vt 
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in the absence of convection 

erfc y^—jj,\E\t /2y/Wij 
and in the presence of convection 
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fk = f2{E,S,t) = 



exp I 






Note that for S ^ oo, f 2 {E,S,t) fi{E,t). 



(5.9) 

(5.10) 

(5.11) 

(5.12) 

(5.13) 



5.3.2 The Peltier Effect 

at the GaAs— substrate/ (Ga- As)— Solution Interface 

As already pointed out, knowledge of the temperature change ATp at the in- 
terface, due to the Peltier effect, is essential for assessing the prevailing condi- 
tions in electroepitaxial growth. For this reason, the experimental determina- 
tion of ATp for the GaAs system as a function of the type of conduction and 
carrier concentration in the substrate, thickness of the substrate, and current 
density, is indispensable. For such measurements a standard electroepitaxy 
apparatus can be employed. In experiments, described in [5.24], a thermocou- 
ple was positioned in the solution about 0.3 mm from the substrate-solution 
interface. Measurements were carried out with p- and n-type substrates with 
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Fig. 5.7. Changes in temperature 
at the GaAs-solution interface due 
to the Peltier effect as a function 
of current density at 800° C; sub- 
strates were n-type 2 x 
(taken from [5.24]) 



carrier concentrations from about 10^^ to 10^^cm“^, thickness ranging from 
250 to 1500 p,m, and under current densities up to 40 Acm“^ at temperatures 
of 800 and 900° C. The temperature changes ATp were measured by applying 
DC. The contribution of Joule heating was determined by applying an equiv- 
alent amount of alternating current (AC) power. In most instances, Joule 
heating of the substrate was negligible in comparison with the Peltier effect, 
except when the substrates were semi-insulating (Cr doped), and their thick- 
ness exceeded 500 |Lim. The results are shown in Figs. 5. 7-5. 9. ATp is plotted 
against current density for n-type substrate material of varying thickness in 
Fig. 5.7. The change in temperature is directly proportional to the current 
density and is negative for positive substrate polarity; for a given current 
density |ATp| increases with increasing substrate thickness. 

The values of ATp are given as functions of substrate thickness in Fig. 5.8. 
The polarity of all substrates is positive; note that for the p-type substrates 
(having an opposite Peltier coefficient to that of the n-type substrate), ATp 
is positive. It is seen that |ATp| exhibits approximately a linear dependence 
on substrate thickness. A similar dependence of ATp on current density and 
thickness to that in Figs. 5.7 and 5.8 has also been reported for n-type GaAs 
material [5.24]; differences in the absolute values of ATp in the two studies are 
probably due to differences in the thermocouple location and/or differences 
in heat dissipation from the interface. 

The values of ATp as a function of carrier concentration are given in 
Fig. 5.9 for 300 qm thick substrates and current density of 10 A cm“^. It 
should be noted that the dependence seen in Fig. 5.9 is in qualitative agree- 
ment with the expected behavior of the GaAs Peltier coefficient [5.24]. 

Values of ATp measured at 900° G were, within 20%, the same as those 
in Figs. 5. 7-5.9. Thus, ATp in GaAs electroepitaxy can be estimated for a 
given carrier concentration, substrate thickness and current density from the 
data given in Figs. 5. 7-5. 9, and by subsequent reasonable extrapolations. 
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Fig. 5.8. Changes in temperature 
at the GaAs-solute interface due to 
the Peltier effect as a function of 
substrate thickness at 800° C under 
10 Acm“^ and for 300 |j.m thick sub- 
strates (taken from [5.24]) 
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Fig. 5.9. Changes in temper- 
ature at the GaAs-solution in- 
terface due to the Peltier effect 
(800°C, 10Acm“^) as a func- 
tion of substrate-carrier concen- 
tration. Substrates were 300 ]xm 
thick (taken from [5.24]) 



More advanced theory and additional experimental data concerning LPEE 
of GaAs can be found in [5.24]. 

Currently, LPEE is still only a laboratory technique. This is mainly be- 
cause the size (diameter) of ingots produced with LPEE, as compared to 
sizes of commercially available, melt grown, binary III-V crystals is too small 
(^LPEE ~ 25 mm while ^meit ~ 100mm, or more). Although it has been pro- 
posed to simultaneously grow several crystals in a single growth run, the 
efficiency is still far too low for LPEE to be applied on an industrial scale. 
Therefore, the question of phenomena restricting the size of crystals obtain- 
able by LPEE is of prime importance for further development of this growth 
technique. 
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This problem has been addressed in a series of experimental works by 
Zytkiewicz [5.30-32]. The technique used for in situ monitoring of distur- 
bances occurring during LPEE growth of thick epilayers is presented in [5.32]. 
This technique, originally developed by Okamoto et al. [5.33], is based on the 
idea that the electrical resistance of the growing epilayer contributes to the 
total resistance R(t) of the LPEE growth system. As it is the only compo- 
nent which is time dependent, it can be measured in situ informing about 
the progress of the growth process, because the time derivative of R{t) is 
proportional to the growth rate i^lpee (if the dissolution of the back surface 
of the substrate, by the melt, ensuring the electric contact to the substrate 
platelet, can be neglected). With the use of this technique the growth system 
instabilities have been detected and qualitatively explained for the LPEE 
growth of thick AlGaAs layers. An extension of these experiments to studies 
on the influence of the Joule effect in LPEE on the growth kinetics of thick 
AlGaAs and GaAs epilayers is presented in [5.31]. The complete theoretical 
as well as experimental treatment of the Joule effect as a barrier for unre- 
stricted growth of bulk crystals by LPEE is given in [5.30]. With use of the 
one-dimensional mass transport model, the contribution of Joule heating in 
the crystal being grown to the LPEE growth kinetics, in the constant cur- 
rent mode, is discussed. The main results of this work can be summarized as 
follows: 

(i) During the first period of electroepitaxy the growth rate is constant or 
slightly increases with time. Then, v{t) exponentially decays to zero. 

(ii) The crystal thickness Xcrit) increases with time and then saturates 
when reaching the maximum thickness Xcr,max- Such temporal depen- 
dence of Xcr,max agrees with experimental results published elsewhere 
[5.30]. 

(hi) The maximum crystal thickness Xcr,max feasible by LPEE decreases 
with increase of the electric current density J 

(iv) For a thin source material the mass balance in the system limits the 
thickness of the crystal grown. When a sufficient amount of the source 
material is loaded to the growth cell ( i.e., for large enough values) 
the Joule effect in the crystal limits its thickness. 

(v) The constant growth velocity mode can be realized by changing the 
electric current density during the first part of the growth, only. When 
the crystal growth is thicker and the Joule effect becomes more pro- 
nounced, a constant value of the growth rate cannot be sustained. 

These results are quite different from those reported earlier in [5.34], 
where unlimited, exponential increase of v{t) and Xcv{t) with time, as well 
as unrestricted growth of bulk crystals by LPEE, are predicted for the case 
when Joule heating may be neglected. 
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The various techniques of growing epitaxial layers from the vapor phase can 
be divided roughly into two categories depending on whether the species are 
transported physically or chemically from the source to the substrate. 

In physical transport techniques (referred to as physical vapor deposi- 
tion (PVD)), the compound to be grown or its constituent elements are va- 
porized by evaporation, sputtering or laser ablation from polycrystalline or 
amorphous sources at high local temperatures, and subsequently transported 
through the relevant reactor toward the substrate in the form of vapor streams 
without any chemical change. 

In chemical transport techniques (referred to as chemical vapor deposition 
(CVD)), volatile species containing the constituent elements of the layer to 
be grown are produced first in, or outside the reactor, which may be a closed 
(e.g., an ampoule) or open (e.g., a flow-through tube or barrel) system, and 
then transported as streams of vapor through the reactor toward the reaction 
zone near the substrate. These gaseous species subsequently undergo chemical 
reactions in the reaction zone, or dissociate thermally, to form the reactants 
which participate in the growth of the film on the surface of the substrate 
crystal. 

In general, VPE may be divided into a number of subcategories, due to 
the availability of different transport gas species. The most frequently applied 
transport agents are: 

(i) halides; used for growing metals (WFg — )► W), elemental semiconduc- 
tors (SiCl4 Si), compound semiconductors (GaCl -h ASH3 GaAs), 
and rare earth substituted garnets (YCI3 -h FeCl2 + O2 — > Y3Fe50i2), 

(ii) oxides; for growing compound semiconductors (Ga20 + PH4 ^ GaP), 

(iii) hydrides; for elemental semiconductors (SiH4 Si), silicon dioxide 
(SiH4 -h H2O ^ Si02), and silicon nitride (SiH4 -h NH3 Si3N4), 
and 

(iv) metalorganic compounds; for growing semiconductor compounds 
(Ga(CH3)3 -h AsH 3 GaAs), and metals [Al(C4Hg)3 -> Al]. 

If no transport species is used, and the film constituents are propagating 
from their sources toward the substrate under vacuum conditions, the pure 
PVD process occurs. The best known, and currently most frequently used. 
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representative of this subcategory of PVD is molecular beam epitaxy (MBE), 
especially in its version using solid sources of the constituent elements of the 
film to be grown, i.e., solid sourcc-MBE (sec Sect. 7.1). 

Fluid flow, heat transfer, and chemical species transport are critical in 
determining both the access of film precursors to the growth interface and 
the degree of gas phase reactions occurring prior to the species participating 
in the surface growth reactions. A long residence time in the region near the 
heated substrate may lead to extensive gas phase reactions that alter the 
growth mode, in the worst case via the formation of particles or, more com- 
monly, increased impurity incorporation from the gas phase reaction prod- 
ucts. The movement of precursors to the growth surface and the amount of 
gas phase reactions are determined by the choice of reactor design and op- 
erating parameters. An inferior selection of design or operating parameters 
will lead to complex flow fields resulting in nonuniform deposition rates and 
increased impurity incorporation. It is therefore crucial to understand and 
control factors governing the transport processes determining crystal growth 
from the vapor phase [6.1]. 

In the case of a closed reactor, the ampoule includes a source (charge) ma- 
terial (or materials) and a transport gas and, sometimes, an inert gas. The 
transport gas reacts with the source material forming a volatile compound 
at (typically) higher temperatures, which decomposes at the surface of the 
growing crystal at a lower temperature. The classical example is the iodine 
transport of germanium when the source and the growing material is germa- 
nium. The transport gas, iodine, forms volatile Gel 4 , which decomposes on 
the growing surface. 

In open systems, the crystallizing species are brought to the system from 
outside as a gas or gases, which decompose or react with each other, deposit- 
ing the material that should be grown. As examples of open growth systems 
common for VPE applications, four radio frequency (RF) heated systems are 
shown in Fig. 6.1. They are classified according to the direction of gas flow, 
i.e., horizontal or vertical, and whether the reactor walls are hot or cold [6.2]. 

The complex reactor geometries and thermal gradients characteristic of 
vapor phase crystal growth processes lead to a wide variety of flow structures 
affecting film thickness and composition uniformity. The horizontal cold wall 
and vertical pancake CVD reactors (Figs. 6.1a and 6.1b, respectively) are 
the most commonly used configurations in metalorganic VPE of compound 
semiconductors. Variations of the horizontal reactor have included substrate 
rotation and an inverted geometry with the susceptor facing downward. High- 
speed rotation of the susceptor (^ 500-1500 rpm) has been added to the 
vertical reactor to create a well-defined axisymmetric rotating disk flow, re- 
sulting in uniform deposition rates. Multi-wafer rotating disk reactors as well 
as reactors with multi-wafer planetary motion, have been used to achieve 
improved uniformity of thickness and doping [6.1]. The barrel (Fig. 6.1c) 
and pancake (Fig. 6.1b) reactors are examples of multi- wafer growth systems 
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Fig. 6.1. Schematic illustrations of RF- 
heated reactor systems commonly used 
for VPE of semiconductors: (a) horizon- 
tal cold wall, (b) vertical (“pancake”), 
(c) barrel cold wall, and (d) vertical hot 
wall (taken from [6.2]) 



primarily used in Si technology. The next generation reactors are likely to re- 
semble the classical horizontal and vertical systems, albeit modified to allow 
for automated substrate handling (see Fig. 8.14 in chap. 8, showing the AIX 
2000/2400 multi- wafer planetary reactor) 

Growth of thin films by epitaxy from the vapor phase involves the physical 
transport of gas phase precursors, or atomic/molecular constituents, to a 
heated solid crystalline surface (the substrate surface) , where epitaxial growth 
occurs and gaseous byproducts are released. Physical approach to modeling 
of these growth processes consists of nonlinear, coupled partial differential 
equations that represent the conservation of momentum, energy, total mass, 
and individual species. This approach will be discussed in detail in Sect. 11.2. 
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6.1 Physical Vapor Deposition 

Evaporation is the most fundamental technique which is used for vaporization 
of source materials in PVD processes. There exist a variety of evaporation 
phenomena, which are exhaustively described in [6.3]. However, the funda- 
mental physics of these phenomena is connected mainly with the names of 
Hertz, Knudsen and Langmuir [6.4]. 



6.1.1 Evaporation Rates 



The first systematic investigation of evaporation rates in a vacuum was con- 
ducted by Hertz [6.5] in 1882. He distilled mercury at reduced air pressure 
and observed the evaporation losses while simultaneously measuring the hy- 
drostatic pressure exerted on the evaporating surface by the surrounding gas. 
From these observations, he drew the important and fundamental conclusion 
that a liquid has a specific ability to evaporate and cannot exceed a certain 
maximum evaporation rate at a given temperature, even if the supply of 
heat is unlimited. Furthermore, the theoretical maximum evaporation rates 
are obtained only if as many evaporant molecules leave the surface as would 
be required to exert the equilibrium pressure p^q on the same surface and 
none of them return. The latter condition means that a hydrostatic pressure 
of p = 0 must be maintained. Based on these considerations, the number of 
molecules dA^e evaporating from a surface area during the time dt is equal 
to 
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2'KMkBT 






( 6 . 1 ) 



where M is the molecular weight of the evaporating species, Peq is the equilib- 
rium pressure, p is the hydrostatic pressure of the evaporant in the gas phase, 
and ks and Na are the Boltzmann and Avogadro constants, respectively. 

The evaporation rates originally measured by Hertz were only about one 
tenth as high as the theoretical maximum rates. The latter were actually 
obtained by Knudsen in 1915 [6.6]. Knudsen argued that molecules impinging 
on the evaporating surface may be refiected back into the gas rather than 
incorporated into the liquid. Consequently, there is a certain fraction (1 - ay) 
of vapor molecules which contribute to the evaporant pressure but not to the 
net molecular fiux from the condensed phase into the vapor phase. To account 
for this situation, he introduced the evaporation coefficient ay, defined as the 
ratio of the observed evaporation rate in vacuum to the value theoretically 
possible according to (6.1). The most general form of the evaporation rate 
equation is then 
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which is commonly referred to as the Hertz-Knudsen equation. 



( 6 . 2 ) 
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Knudsen found the evaporation coefficient ay to be strongly dependent 
on the condition of the mercury surface. In his earlier experiments, where 
evaporation took place from the surface of a small quantity of mercury, he 
obtained values of ay as low as 5 x 10“^. Concluding that the low rates were 
attributable to surface contamination, he allowed carefully purified mercury 
to evaporate from a series of droplets which were falling from a pipette and 
thus continually generated fresh, clean surfaces. This experiment yielded the 
maximum evaporation rate 



dA^e ^ I 

Aedt 2nMkBT 



fm ^s ^ 



(6.3) 



6.1.2 Langmuir and Knudsen Modes of Evaporation 

It was first shown by Langmuir in 1913 [6.7] that the Hertz-Knudsen equa- 
tion also applies to evaporation from free solid surfaces. He investigated the 
evaporation of tungsten from filaments in evacuated glass bulbs and assumed 
that the evaporation rate of a material at pressures below 1 torr is the same 
as if the surface were in equilibrium with its vapor. Since recondensation of 
evaporated species was thereby excluded, he derived the maximum rate as 
stated by (6.3). Phase transitions of this type, which constitute evaporation 
from free surfaces, are commonly referred to as Langmuir or free evaporation. 

An alternative evaporation technique was established by Knudsen [6.8] 
and is associated with his name. In Knudsen’s technique, evaporation occurs 
as effusion from an isothermal enclosure with a small orifice (Knudsen cell). 
The evaporating surface within the enclosure is large compared with the 
orifice and maintains the equilibrium pressure Peq inside. The diameter of 
the orifice must be about one-tenth or less of the mean free path of the gas 
molecules at the equilibrium pressure, and the wall around the orifice must be 
vanishingly thin so that gas particles leaving the enclosure are not scattered 
or adsorbed and desorbed by the orifice wall. Under these conditions, the 
orifice constitutes an evaporating surface with the evaporant pressure Peq 
but without the ability to refiect vapor molecules; hence, == 1. If Ag is the 
orifice area, the total number of molecules effusing from the Knudsen cell into 
the vacuum per unit time, which will be called hereafter the total effusion 
rate Tg, is given by 

^ ^ ~ P-V 2^MkBT ’ (6.4) 

where py is the pressure in the vacuum reservoir to which the molecules 
effuse from the cell orifice. This is the Knudsen effusion equation. It may be 
simplified by setting py = 0^ which is reasonable for effusion into an UHV 
environment. 

The Knudsen equation is often written in the form 
Tg = 3.51 X [molecules"^] , 



(6.5) 
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where p is the pressure in the effusion cell in torrs, and all other quantities 
are in cgs units. Expressing these quantities in SI units, one has to replace 
the numerical factor in (6.5) by 8.33 x 10^^ [6.4]. 

Langmuir’s as well as Knudsen’s modes of evaporation have been em- 
ployed in many experimental methods of determining the vapor pressure of 
materials and heats of vaporization. A critical examination of both tech- 
niques with their limitations has been published by Rutner [6.9]. Langmuir’s 
method suffers from the uncertainty of whether or not an observed rate of 
weight loss truly reflects the equilibrium rate of evaporation. It is often used, 
however, to determine ay by comparing its results with independently known 
vapor-pressure data or with evaporation-rate measurements from Knudsen 
cells. The principal problem with Knudsen’s technique is that an ideal cell 
with an infinitely thin-walled orifice yielding free molecular flow can only 
be approximated. In practice, orifices of finite thickness must be used (see 
Fig. 6.2), which necessitates the application of corrective terms in the effusion 
equation (see Sect. 11.2.3). 
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Fig. 6.2. Schematic illustration of a present-day effusion cell used in MBE systems. 
Section of the central part of the cell assembly (top left), and a cut-away diagram 
of a whole effusion cell assembly (bottom right) (taken from [6.4]) 
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6.1.3 Principles of MBE 

The most frequently used epitaxial growth technique based on the principle 
of PVD is solid source MBE. In this technique vaporization of source ma- 
terials is realized by evaporation in the Knudsen mode (see Sect. 6.1.2). In 
this growth technique, thin epitaxial layers crystallize via reactions between 
thermal-energy molecular or atomic beams of the constituent elements and 
a substrate surface which is maintained at an elevated temperature in ul- 
trahigh vacuum. The composition of the grown epilayer and its doping level 
depend on the relative arrival rates of the constituent elements and dopants, 
which in turn depend on the evaporation rates of the appropriate sources. 
The growth rate of typically 1 pmh“^ (1 monolayer s“^) is low enough that 
surface migration of the impinging species on the growing surface is ensured. 
Consequently, the surface of the grown layer is in general very smooth. Sim- 
ple mechanical shutters in front of the beam sources are used to interrupt the 
beam fluxes, i.e., to start and to stop the deposition and doping (see Fig. 6.3). 
Changes in composition and doping can thus be abrupt on an atomic scale. 

The characteristic features of MBE will be presented and discussed in 
detail in Chap. 7. 




Fig. 6.3. Cutaway illustration of the deposition chamber of the V80H MBE system 
of VG Semicon company, showing the configuration and geometry of the evapora- 
tion sources, mechanical shutters, and substrate manipulator (taken from [6.4]) 




88 



6. Vapor Phase Epitaxy 



6.1.4 Sputtering 

The second vaporization technique used in PVD processes is sputtering 
(sometimes called “cathode sputtering”) [6.10-12]. Sputtering is similar to 
evaporation in that reduced pressures are required for each. The principal dif- 
ference is that while thermal energy is used in evaporating the constituents of 
the epilayer or other deposited film, ion bombardment of the material, caus- 
ing ejection of atoms, is used for sputtering. Thus, thin films of refractory 
materials may be deposited by sputtering without high source temperatures, 
such as required by evaporation. The ions are formed when a high electric 
field is applied to a low-pressure gas such as argon, creating a glow discharge 
in the deposition chamber. The positively charged argon ions are accelerated 
through the field to strike a cathode made of the material to be sputtered. 
The atoms of a cathode surface gain sufficient energy to leave the cathode 
and condense on the substrate (the anode electrode) . The actual gas pressure 
during sputtering is of the order of 10“^- 10~^ torr. The described sputtering 
technique is called “diode sputtering” . 

If films of high purity are desired, it is necessary to evacuate the sputtering 
chamber to less than 10“^-10“® torr prior to sputtering so as to control 
the contamination of the deposited film. This is especially important with 
refractory metals normally deposited by sputtering since they are known 
for their gettering ability. This ability has also been put to advantage to 
produce films which are purposely doped by the addition of reactive gases to 
the system during sputtering. With involved reactive gases, this technique is 
known as “reactive sputtering” . 

An advantage of sputtering is the capability of depositing refractory met- 
als onto relatively cool substrates at reasonable rates, and the capability of 
depositing compounds of these metals by addition of reactive gases. Con- 
trol of the deposition parameters is somewhat more tenuous than that of 
evaporation due to the higher complexity of conditions in sputtering. 

A large amount of work has been done on sputtering methods in the 
course of the past 40 years. New developments include “bias sputtering” , for 
controlling film properties, “triode sputtering”, in which much lower pres- 
sure may be used, “radio frequency sputtering”, which is especially useful 
for depositing dielectric films, and “magnetron sputtering” [6.10-12]. With- 
out going into details, let us define in short the listed sputtering techniques 
[6.13-15]. 

“Bias sputtering” , called also “ion-plating” , is a variant of diode sputter- 
ing in which the substrate is ion-bombarded during film deposition and prior 
to this in order to clean the substrate platelet. Ion bombardment during film 
deposition can produce some desirable effects, such as re-sputtering of loosely 
bonded film material (surface impurities), low-energy ion implantation, des- 
orption of gases, conformal coverage of patterned surfaces, or modification 
of different film properties. The source material need not originate from a 
sputtering target, but can be an evaporation source, a reactive gas with 
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condensable constituents, or a mixture of reactive gases with condensable 
constituents to form compounds. 

With the aim of improving sputtering efficiency and of minimizing struc- 
tural and chemical changes induced in films grown in a glow-discharge en- 
vironment, several approaches have been developed in which ionization is 
enhanced at low gas pressures by “assisted discharge sputtering”. A com- 
monly accepted arrangement that employs both a thermionic electron source 
and an assisting magnetic field has been developed for use in bell-jar systems. 
The basic concept is based on employing a horizontal electron-gun system. 
Such a system has been used for epitaxial growth of a wide range of metals 
and oxides. Typical operating conditions for the epitaxial growth of Pt on 
CaF 2 are [6.14]: argon pressure 5x10“^ torr; substrate temperature 530°C; 
anode potential 65 V; anode current 3 A; target potential 1200 V; target cur- 
rent 2mA/cm^; deposition rate 200Amin~^. One of the advantages of such 
a low-pressure system lies in the fact that once a few calibration runs have 
been made, the sputtering rate as a function of voltage and ion mass can be 
predicted for different metals [6.14]. 

It should be noted that all glow discharge processes involve sputtering in 
one form or another, since it is impossible to sustain a glow discharge with- 
out an electrode at which these processes occur. In “electrodeless” discharges 
radio frequency power (RF power) is capacitively coupled through the insu- 
lating wall of a tubular reactor. In this case, the inside wall of the tube is the 
main electrode of the discharge [6.13]. One of the biggest limitations expe- 
rienced with DC sputtering has been the difficulty of applying this method 
to the deposition of insulating materials such as oxides and high-resistivity 
semiconductors. Application of a high negative potential to insulating targets 
leads to positive ion bombardment and, within a short time, to the buildup of 
a compensating positive surface charge that brings further ion bombardment 
to a half. Attempts to remove this charge using surface leakage grids or sup- 
plementary electron bombardment have proven somewhat cumbersome and 
unsatisfactory. It was not until the work of Anderson et al. [6.16], who used 
RF voltages successfully to clean the walls of glass discharge tubes, that an 
effective solution to this problem was found. Soon it was demonstrated that 
practical systems for the rapid deposition of insulators, baised upon the use of 
RF voltages, so-called “radio frequency sputtering” systems could be built, 
and a new and possibly the most fruitful chapter in the field of sputtering 
began [6.14]. 

6.1.5 Film Deposition in a Glow Discharge 

Although there are several techniques available for generating the positive 
ions necessary for sputtering, by far the simplest method is by establishing a 
glow discharge between two flat parallel electrodes in a low-pressure gas (the 
diode sputtering variant). The particular type of glow discharge which occurs 
between two electrodes depends upon several factors: the pressure of the gas; 
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Fig. 6.4. Schematic data concerning a gas discharge. The voltage is represented 
by a linear scale while the current is a logarithmic scale (taken from [6.10]) 



the applied voltage; and the electrode configuration, which influences the path 
length of the discharge and its current density. Figure 6.4 shows the current- 
voltage characteristics of a discharge between two flat plates in a gas with 
a pressure in the range of 10“^ -10“^ torr. There is no appreciable current 
below some minimum voltage at which the gas “breaks down” abruptly. This 
region is known as the Townsend discharge, and the current may be increased 
within this region without a change in voltage. As the current is increased 
further, however, additional carriers are created and the discharge exhibits 
negative resistance. As the current is further increased, a second constant 
voltage region, known as the “normal” glow, is reached. If the current is 
increased beyond a certain level, the voltage rises with increasing current, 
and this region is known as the “abnormal” glow. It is in this region that 
most sputtering work is performed. If the current is further increased, the 
voltage drops abruptly and the discharge becomes an arc. 

Figure 6.5 is a schematic illustration of the appearance of a glow discharge 
for a gas in the pressure region between 10~^ and 5x10“^ torr. Below the 
diagram are shown plots of various parameters of the discharge along its 
length. The transport of current through a glow discharge occurs by the mo- 
tion of electrons and positive ions parallel to the electric field. In order for 
the gas to be a conductor, however, some source of energy is necessary to 
continuously produce ions and electrons in the gas. An electron emitted from 
the cathode moves through the space in the deposition chamber. This elec- 
tron is first accelerated by the strong field adjacent to the cathode, but it 
initially makes few, if any, ionizing collisions because its energy is not suffi- 
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Fig. 6.5. Appearance of glow discharge at low pressure (taken from [6.10]) 

ciently above the ionization potential of the gas. Further from the cathode, 
however, the electron has gained sufficient energy to cause ionization when it 
collides with a gas molecule, and, in effect, gives rise to electron multiplica- 
tion. In order to have a steady state, each electron emitted from the cathode 
must produce sufficient ionization to effect the release of one further electron 
from the cathode. Most of the ionization which is necessary to sustain the 
glow occurs within the Crookes’ dark space region. If the anode is moved 
toward the cathode into the region of the Crookes’ dark space, the discharge 
is extinguished since there is now insufficient ionization to sustain the glow. 

The various luminous and dark regions of a glow discharge arise in the 
following manner: an electron usually leaves the cathode with very small 
initial velocity, such that its energy is of the order of 1 eV. It is not able to 
excite gas molecules until its energy is as great as the excitation potential of 
the gas, and this results in a region called “Aston’s dark space” . The cathode 
layer is the region in which the electrons reach an energy corresponding to the 
ionization potential, and this is the luminous region closest to the cathode. 
At distances beyond the cathode layer, i.e., in the “Crookes’ dark space”, the 
electron energies are mostly far above the maximum excitation potential, so 
that little visible light is emitted. By the time the negative glow is reached, 
the number of slow electrons (i.e., those produced by an ionizing collision) 
has become large and, while these electrons do not have sufficient energy to 
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produce ionization, they possess sufficient energy to cause excitation and are 
the cause of the negative glow. 

Since the mean free path of electrons is inversely proportional to the gas 
pressure, it follows that the distance required for an electron to travel before it 
has produced adequate ionization to sustain the glow would also be inversely 
proportional to the pressure. In actuality, the proportionality is to the gas 
density, so that the above statements apply only so long as the temperature 
remains constant. The thickness of the Crookes’ dark space, then, increases 
as the pressure is decreased. If the pressure is made sufficiently low, the 
Crookes’ dark space will expand until the plane of the anode is reached, and 
the discharge will become extinguished. In the region of the normal glow, the 
product of the thickness of the dark space and the pressure is independent 
of current. For argon, this product (pd) has a value of about O.Storr cm. 

If very low pressures are desired for sputtering, a supplemental means 
for either producing a discharge or increasing the trajectory of the electrons 
must be provided. The former may be done by the use of radio-frequency 
excitation or by the use of a separate hot cathode to provide thermionic 
emission of electrons into the gas. The trajectory of the electrons may be 
increased by providing a magnetic field to cause the electrons to travel in 
spiral paths [6.10]. 

A schematic illustration of a simple sputtering apparatus is shown in 
Fig. 6.6. The apparatus consists of a large area cathode and an anode holding 




Fig. 6.6. Schematic illustration of a simple sputtering apparatus (taken from 
[ 6 . 10 ]) 




6.1 Physical Vapor Deposition 



93 



the substrates in a plane parallel configuration, and it is contained in a bell 
jar vacuum system. The gas to be used is admitted to the system to provide 
a pressure of about 10“^ -10“^ torr. The spacing of the electrodes is of the 
order of 1 to 10 cm, and the electrodes are typically from 5 to 50 cm in 
diameter. This type of system is usually operated with voltages of 1 to 10 kV. 

The rate at which material is deposited at the substrate site is propor- 
tional to the rate at which it is removed from the cathode, and may be 
represented by 

Q = (6.6) 

where Q is the deposition rate, C is a constant which characterizes the sput- 
tering apparatus, I is the ion current, and 7 is the sputtering yield. It must 
be recalled that the yield is itself a function of the sputtering voltage and 
the particular ion being used. In most work, it is desirable to operate at 
the highest sputtering rate commensurate with the particular type of film to 
be deposited. The gas chosen as the medium for establishing the discharge 
should be chosen with the sputtering yield in mind. For example, argon is 
an excellent choice from this point of view as well as for its inertness. It 
would appear from ( 6 . 6 ) that the maximum possible current should be used 
if the highest deposition rate is to be achieved. While this is generally true, 
for most applications the situation is considerably more complex. The power 
available is not without limit, and the only way to increase current without 
increasing the power is to increase the pressure of the plasma. If the pressure 
is increased, however, there is a higher probability that sputtered atoms will 
return to the cathode by diffusion. As a matter of fact, at pressures in the 
range of 10 “^ torr, only about 10 percent of the atoms sputtered from the 
cathode travel beyond the Crookes’ dark space. This apparent drop in yield 
(as measured from the cathode) as pressure is increased leads to the conclu- 
sion that the pressure chosen from sputtering rate considerations alone would 
be the highest pressure for which the yield was still close to the maximum. 

The position of the substrate relative to the cathode is also an important 
issue with respect to the deposition rate. The substrate should be as close 
as possible to the cathode without disturbing the glow discharge to collect 
a maximum of sputtered material. As the substrate approaches the cathode, 
however, the current will fall drastically, even before the edge of the dark 
space is reached. 

6.1.6 Sputtering and Epitaxy 

Let us now consider the problem of the interrelation of the sputtering pa- 
rameters and the quality of epitaxial layers which are grown by using this 
vaporization technique of the constituent elements of the epilayers. In doing 
this, we will follow the experimental results and the concluding statements 
presented in [6.12] and [6.14]. 




94 



6. Vapor Phase Epitaxy 



Although epitaxial films grown through sputtering are generally indistin- 
guishable from films grown by other methods, there is evidence that the way 
in which sputtered films grow may be quite different from the way in which 
films grow during, for example, vacuum evaporation. The first evidence for 
this is related to nucleation process in the growth of metallic films. Com- 
paring sputtered and evaporated films of cadmium in a study of whether 
or not the critical nucleation density phenomenon found in evaporation was 
also present during sputtering, it could not be concluded that there exists a 
minimum accumulation rate below which cadmium films could not be grown 
by sputtering. This is quite different from what is observed for evaporation 
[ 6 . 12 ], 

There are a number of reasons why one has to expect the growth condi- 
tions during sputtering to be different from those that prevail during evapo- 
ration and other epitaxial growth methods. For example, depending upon the 
method used to sustain the discharge during sputtering, the surface of the 
substrate and the growing epilayer will be subjected to a bombardment with 
a varying degree by electrons and neutral as well as charged gas atoms. As- 
sociated with these differences will be wide variations in the incident energy 
and directions of atoms arriving from the cathode. Therefore, the following 
phenomena should be taken into consideration when analyzing the growth of 
epilayers by sputtering [6.12]: 

(i) the influence of inert-gas background pressure in the deposition cham- 
ber, 

(ii) the role of energy of sputtered particles in the epitaxial growth phe- 
nomenon 

(iii) the influence of charged-particle bombardment of the crystallizing 
phase at the substrate (growing epilayer) surface. 

Let us illustrate this by considering the two cases of an unsupported (diode- 
type) glow discharge operated typically at pressures in the range 2 x 10"^ — 
10“^ torr, and thermionically and magnetically assisted discharge at pressures 
of 10-^ to 5 X 10 ^ torr. In the first case, the secondary electrons required 
to sustain the supply of positive ions are generated during ion bombardment 
of the target, and to maintain a supply of electrons sufficient to keep the 
discharge going, relatively high target voltages (2-5 kV) and gas pressures 
are needed. In the second case, the electrons are furnished by a thermionic 
(e.g., filament) source, and their ionizing effect is enhanced by the magnetic 
field, which increases their path length. In this situation the gas pressure can 
be relatively low, and a fairly high sputtering yield is achieved with modest 
target voltages (500-1000 V). 

Under high-pressure, glow-discharge conditions, the sputtered atoms un- 
dergo many collisions with the gas atoms before reaching the substrate, and 
indeed a high proportion may be back-sputtered onto the target surface. 
These collisions attenuate the initial high ejection energy and cause the tar- 
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get atoms to arrive at the substrate over a wide range of incident angles. As 
a result of electron bombardment and energy dissipated at the substrate sur- 
face by ion-electron recombination, the surface temperature (especially of an 
insulating substrate) rises rapidly within a few seconds from the initiation of 
the discharge to reach values as high as several hundred degrees centigrade. 
Although the temperature rise may be suppressed by lowering the cathode 
potential, this leads to a reduction in sputtering rate to values where the 
relative rate of arrival of background impurities becomes significant. These 
effects have a significant bearing upon conditions chosen for epitaxial growth. 
Substrate temperatures chosen for epitaxy and the conditions of sputtering 
should be adjusted so that the discharge causes no further appreciable rise 
from the initial-growth temperature value. 

Using low-pressure assisted discharge conditions of operation, the sput- 
tered atoms, although possibly ejected at lower velocities (due to the smaller 
values of target voltage), undergo relatively few collisions during transfer 
to the substrate and consequently arrive with high energies and at more or 
less normal incidence. The high arrival energy is sufficient to cause signif- 
icant lattice penetration and can induce surface damage and even alloying 
or chemical reactions with the substrate surface. Under the higher substrate 
temperature conditions used in epitaxial growth, the damage is usually min- 
imized by annealing effects. An important difference produced by operating 
at low pressures is that the substrate heating effect due to the discharge is 
considerably reduced. In this case the temperature rises very slowly during 
sputtering and, on turning off the discharge, cooling occurs at a comparable 
rate. There seems little doubt, therefore, that the substrate heating under 
these conditions can be attributed primarily to radiation from the target. 
Water cooling of the target, as is done routinely in low-pressure RF sputter- 
ing, is found to reduce substrate heating considerably. 

Several other sputtering techniques tend to introduce additional factors 
that are important in influencing the film nucleation and epitaxial growth 
processes. In particular, bias sputtering under both DC and RF conditions, 
through re-emission effects, can cause major changes in both the structure 
and electrical properties of the growing epilayer [6.12]. 

As a result of the complicated surface processes occurring in growth by 
sputter deposition, films obtained by this technique can grow as poly crys- 
talline deposits. Figure 6.7 shows a microstructure zone diagram for metal 
films deposited by magnetron sputtering [6.17]. Different zones of different 
surface morphology and crystallinity of the deposited film occur on the di- 
agram for different growth temperatures. There, also the zone T is shown, 
which is regarded as a transition region, between zones 1 and 2 (low temper- 
ature and high temperature growth, respectively) which appears characteris- 
tically only in sputtered films. 

The structure named zone 1, caused by migration of incident atoms on a 
substrate surface, is affected by adsorbed atoms. This structure is constructed 
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Fig. 6.7. Microstructure zone diagram of Thornton [6.17] for metal films deposited 
by magnetron sputtering (T is the substrate temperature; Tm is the temperature 
of the melting point of the deposited metal) (taken from [6.15]) 



from tapered crystallites with domed heads and contains voids in the grain 
boundaries. In the transition region (zone T) the film reveals fibrous struc- 
ture in which crystallites grow perpendicularly to the surface plane of the 
substrate. Since the crystallites develop close to each other, the density of 
this type of film is nearly equal to that of the bulk material. The surface is 
relatively smooth and the film has large tensile strength and hardness values. 
In zone 2, the migration of atoms on the substrate surface becomes active. 
The structure is constructed of columnar grains. These grains increase their 
size with increasing growth temperature T (in relation to the melting point 
temperature T^). 

Finally, zone 3 is a region where interdiffusion of atoms in the film con- 
trols the final film structure, thus, the film surface becomes smooth. Recrys- 
tallization progresses in the film during film formation, and the film becomes, 
therefore, poly crystalline and isotropic, built of randomly oriented polycrys- 
tals. 

Because in sputter deposition, the energy of sputtered atoms incident 
upon the substrate is large, intermixing and mutual diffusion between incom- 
ing atoms and substrate atoms tend to occur easily. Therefore, the adhesion 
of film to substrate obtained by sputter deposition is stronger than that by 
evaporation or plasma assisted CVD. 
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Having grown a polycrystalline film by sputter deposition, one may get 
a single crystalline film by subsequent SPE procedure. This means a rele- 
vant heat treatment of the deposit under suitable growth conditions, i.e., in 
vacuum or in inert gas environment (see Sect. 4.1). 

A lot of different material systems have been grown epitaxially by sput- 
tering [6.14]. Among them the following groups are of largest technical im- 
portance: 

(i) Metals and alloys, including: nonreactive metals (Au, Ag, and Pt), 
refractory metals (Ti, Zr, Nb, Ta, Mo, W), magnetic metals and alloys 
(Fe, NiFe2), non-magnetic alloys (Au-Ni, Ag-Mg, Ag-Al). 

(ii) Elemental semiconductors, mainly Ge and Si. 

(iii) Compound semiconductors, including: tellurides (Bi2Tc3, HgTe, CdTe, 
PbTe, PbSnTe), sulfides (CdS, ZnS), III-V compounds (InSb, GaAs, 
AlSb, AIN). 

(iv) Oxides, including: magnetic materials (MgFe204, Gd3Fe50i2, Gd- 
Fe03), simple oxides (Ta205, AI2O3, Zr02, ZnO, VO2), mixed oxides 
(Gdl-garnet, TbFe03, Bi4Ti30i2). 

An exhaustive collection of experimental data concerning the epitaxial 
growth by sputtering of the listed materials is given in [6.14]. 

Concluding the considerations on growth of epitaxial films by means of 
sputtering one has to emphasize that epitaxy, often leading to films of ex- 
cellent single crystal quality, has been achieved in a wide variety of metals, 
alloys, semiconductors, and oxides. It is clear that the cases studied to date 
represent only a small part of the available materials for exploration. The 
sputter technique is immediately applicable to the epitaxial growth of any 
metal or alloy, providing the requisite conditions of cleanliness and target 
cooling are met. The problem of producing epitaxial semiconductors that 
are technologically useful may be somewhat more complex, and requires a 
more complete understanding of the role of electron and ion bombardment 
in influencing the crystallographic perfection and carrier concentration of the 
grown film. The studies concerning epitaxial Aims of Ge and Si suggest that 
electrical properties can be optimized by means of growth in a plasma-free 
region or by careful adjustment of bias-sputtering conditions. 

One of the most challenging segments of this held involves the further 
exploration of semiconductor and insulator compounds of potential use in 
electronic devices. In addition to such advanced and widely used methods as 
MBE and MOVPE, sputtering, with its large area capability, offers an at- 
tractive supplement for the sophisticated metal-oxide-semiconductor (MOS) 
or silicon-on-insulator (SOI) technologies of electronic devices [6.14]. 

6.1.7 Pulsed Laser Deposition 

Conceptually and experimentally, PLD is extremely simple, probably the sim- 
plest among all thin Aim growth techniques. Figure 6.8 shows a schematic 
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Fig. 6.8. Schematic diagram of a common PLD system. In special applications 
variations of this general arrangement can be introduced (taken from [6.21]) 



illustration of an experimental setup. It consists of a target holder and a 
substrate holder housed in a vacuum chamber. A high-power laser is used as 
an external energy source to vaporize materials and to deposit thin films. A 
set of optical components is used to focus and raster the laser beam over the 
target surface. The decoupling of the vacuum hardware and the evaporation 
power source makes this technique so fiexible that it is easily adaptable to 
different operational modes without the constraints imposed by the use of 
internally powered evaporation sources. Film growth can be carried out in a 
reactive environment containing any kind of gas with or without plasma exci- 
tation. It can also be operated in conjunction with other types of evaporation 
sources in a hybrid approach. 

Early work in PLD ventured into the studies of organic crystals, semicon- 
ductors, dielectric materials, and refractory metals. Most work was carried 
out without a persistent effort to make a long-lasting impact. The diversity is 
reflected in the fact that this technique has been without a common name and 
acronym for a long time. Names such as laser sputtering, laser assisted deposi- 
tion and annealing (LADA), pulsed laser evaporation (PLE), laser molecular 
beam epitaxy (LMBE), laser-induced flash evaporation (LIFE), and many 
others were used. The present name, pulsed laser deposition (PLD), was de- 
signated by the first Material Research Society Symposium on Pulsed Laser 
Ablation held in San Francisco in April 1989 [6.23]. Since that time the PLD 
technique has become one of the most versatile and powerful methods for 
producing multicomponent thin films. 
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During the interaction of a laser beam with a solid target, complex phys- 
ical processes occur. For acquiring a better understanding of the basic phe- 
nomena involved in laser-solid interaction, several models have been pro- 
posed, which have served as the first approximation to the physical reality of 
this interaction. 

The general view is that material removal from a solid impacted by a laser 
beam involves a two-step process. As the laser beam hits the target surface, 
photons are absorbed and their energy is coupled into the material, which 
results in the formation of a molten layer that vaporizes. The vaporization 
process creates a recoil pressure on the liquid layer, which contributes to 
expel the molten material. Thus, the material removed is a combination of 
vapor and liquid. This model gives a simplified view of a more complicated 
process. 

The real mechanism that leads to material ablation depends on both 
the laser characteristics, and the optical, topological, and thermodynamic 
properties of the target. When the laser radiation is absorbed by a solid 
surface, electromagnetic energy is converted first into electronic excitation 
and then into thermal, chemical, and even mechanical energy to cause evap- 
oration, ablation, excitation, plasma formation, and exfoliation. Evaporants 
form a so-called “plume” consisting of a mixture of energetic species including 
atoms, molecules, electrons, ions, clusters, micron-sized solid particulates, and 
molten globules. The collision mean free path length inside the dense plume 
is very short. As a result, immediately after the laser irradiation, the plume 
rapidly expands into the vacuum from the target surface to form a nozzle jet 
with hydrodynamic flow characteristics. This process has many advantages as 
well as disadvantages. The advantages are: flexibility, fast response, energetic 
evaporants, and congruent evaporation. The disadvantages are: the presence 
of micron-sized particulates, and the narrow forward angular distribution 
that makes large-area scale-up a very difficult task (see Fig. 6.8 below). 

Another important aspect is the secondary interaction of the laser radi- 
ation with the target and the plume ejected from it. For example, photons 
from the laser can be absorbed in at least three different ways: 

(i) Volume absorption by electrons and phonons in the lattice of the solid, 

(ii) Surface absorption by free carriers in the molten layer, and 

(iii) Absorption by an emitted plume (formation of a plasma). 

The second and the third mechanisms mentioned are higher-order perturba- 
tions, but they directly affect the film deposition by inducing changes in the 
plasma properties. 

Efforts to understand the laser-solid interaction during the deposition 
of multicomponent oxide films have been largely related to high temper- 
ature superconductor (HTSC) materials and have concentrated mainly on 
characterizing the laser-generated plume. The interaction of a short-pulse, 
high-power (10^-10^ W/cm^) laser with a ceramic target, under conditions 
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appropriate for the growth of high-quality multicomponent oxide thin films, 
can be viewed as occurring in several stages, as shown in Fig. 6.9 [6.22]. 

Optical irradiation of the target causes surface heating. The increase in 
the surface temperature depends on the optical penetration depth of the ma- 
terial, the thermal diffusivity of the target, and the rate at which energy is 
deposited into the system (laser pulse width). For metallic and semiconductor 
narrow-gap materials the thermal diffusion distance is long compared to the 
optical absorption distance. Generally, the electronic structure (i.e. electronic 
states and band gap) of the target is not important since the high electric 
fields generated by the laser result in dielectric breakdown (i.e. at these power 
densities all materials absorb a significant fraction of the radiation, result- 
ing in surface heating). Under these conditions the surface temperature can 
exceed the melting temperature of a ceramic material, like for example the 
multicomponent oxide HTSC material YBa 2 Cu 30 x written in abbreviated 
form as YBCO, which has the melting point 1400°C. 

For the laser-power levels mentioned above, surface heating is followed by 
melting and evaporation. Laser-etching studies have shown that there is a 
threshold energy density for removal of material from the surface. For YBCO 
impacted by a pulsed laser beam of 248 nm, for example, this threshold has 
been measured to be 0.11J/cm^[6.22]. Above the threshold, material re- 
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Fig. 6.9. Schematic representation of the laser-solid target interaction stages 
(taken from [6.22]) 
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moval varies linearly with laser fluence [6.23]. However, for efficient material 
removal and congruent evaporation of multicomponent targets, short wave- 
lengths (e.g., ultraviolet radiation) and short pulse widths 30 ns) yield 
superior film quality, i.e., smooth and stoichiometric epilayers [6.21]. Presum- 
ably this is due to a change in the optical penetration depth, which decreases 
with decreasing wavelength. The decreased volume of material with which 
the laser can interact results in more efficient coupling of the optical energy 
to the target. From etch-depth measurements, the optical penetration depth 
of a 248 nm laser beam in YBCO, for example, is 500 A [6.22]. Long optical 
pulses (ps) and/or infrared radiation results in a more thermal-like heating 
of the target material. With IR sources, differences in the equilibrium vapor 
pressures of the target constituents are more likely to affect the composition 
of the laser-produced vapor and lead to the production of non-stoichiometric 
films. 

The PLD has advantages and disadvantages that need to be appropriately 
considered. Major advantages of the PLD technique include: 

(i) relatively high deposition rates, 

(ii) the possibility of producing multicomponent thin films with the same 
stoichiometry of the multicomponent materials used as targets, pro- 
vided that appropriate deposition conditions are used, 

(iii) the possibility of producing as-deposited films with the appropriate 
microstructure at relatively low substrate temperatures, 

(iv) the potential for producing multilayered films of many different mate- 
rials, since their parent targets can be efficiently ablated with virtually 
similar conditions of laser energy density, and 

(v) the possibility of time-sharing the laser beam among several deposition 
systems (the steering of the beam from one chamber to the other can 
be easily accomplished by automated mirror technology). 

Major disadvantages of the PLD method include: 

(i) the formation of particulates during the target ablation, which are sub- 
sequently deposited on the film (however, various methods are being 
explored to eliminate this problem), 

(ii) the highly focused nature of the ablated plume makes it difficult to 
scale-up the PLD method to cover large areas (various schemes are 
being explored to extend the PLD method to cover large-area sub- 
strates (at least 100 mm in diameter), but this will not be as easy as 
with other techniques, such as plasma- and ion-beam-sputter deposi- 
tion, CVD, or sol-gel techniques), 

(iii) the need for polishing the surface of the targets for each new film depo- 
sition, due to the extensive erosion of the target by the laser beam (this 
problem would add undesirable extra time in an industrial thin-film 
processes), although new target-holder hardware recently developed 
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allows an operator to change targets through a load-lock system (as it 
usually is in the case of MBE systems) without breaking vacuum, and 

(iv) the need for protecting the special quartz UHV windows, used to in- 
troduce the laser beam into the deposition chamber, from deposition 
of the material ablated from the target (this problem may be serious 
since film deposition on the window requires frequent cleaning to avoid 
laser-light absorption, and thus reduction of the energy available at the 
target for ablation). 

Obviously, future research and development directions should include 
work on the main disadvantages of the PLD technique. 



6.2 Chemical Vapor Deposition 

The chemical systems involved in CVD processes are to a large extent de- 
fined by the volatile transporting agents. The most frequently used agents 
are: halide, oxide, hydride and metalorganic compounds. Accordingly, the 
CVD technique is often divided into different epitaxial growth methods, like 
for example: halogen transport epitaxy [6.24], hydride vapor phase epitaxy 
[6.25], or metalorganic vapor phase epitaxy (MOVPE) [6.3]. We will not go 
into details of each mentioned growth method, instead, some general consid- 
erations concerning epitaxy by CVD (the main features of CVD processes) 
will be presented here, because of the particular importance of this technique 
for growth on an industrial scale of many kinds of materials used in elec- 
tronic devices and integrated circuits [6.24]. The MOVPE method, the most 
frequently used CVD method in technological research laboratories, but also 
widely introduced to mass scale production of semiconductor heterostructure 
devices will then be discussed more in detail in subsequent chapters, this 
method occurs in the literature also with other abbreviations like MOCVD, 
OMVPE or OMCVD. We will stick throughout this book to MOVPE, used 
in the international conferences and indicating that epitaxy “E” is a relevant 
aspect. 

6.2.1 Principles of CVD Processes 

Following [6.26] we will define epitaxy by CVD as any process where at least 
one of the component elements of a crystal to be grown is supplied as a 
halide (oxide, hydride, metalorganic compound) gas to the substrate, where 
a halogen (oxide, hydride, metalorganic compound)-elimination reaction oc- 
curs, resulting in epitaxial growth. This method is particularly important 
when a component element of the crystal has a very low vapor pressure. By 
changing the element to its volatile transport agent, the delivery of this ele- 
ment to a growth region becomes possible. The transport agents are chlorine 
or metal organic compounds in most of the present growth systems because 
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of easier purification and moderate vapor pressures of these gases, suitable 
to control the grown film’s properties. 

The transport agent’s reactions are divided into several categories: dispro- 
portionation, hydrogen reduction, and thermal decomposition reactions. The 
disproportionation reaction proceeds with changing the valency of the chem- 
ical bond of the transporting gas, such as from GaCls to GaCl, in the case 
of halides. This method is, however, seldom used at present. The hydrogen 
reduction method is currently more popular, since the presence of hydrogen 
is very effective in preventing the epitaxial surface from oxidizing. 

The characteristics of epitaxy by GVD have been reported by many re- 
searchers. The discussions were based on well-developed theories of ther- 
modynamics and fiuid dynamics and various parameters were used. Partial 
pressure calculations have been frequently performed for various transport 
systems. In order to know the potential for crystal growth from a given gas, 
several chemical parameters have been defined such as the ratio Si/Gl, Ga/Cl, 
or Gl/H, in the case of halogen transporting agents. The supersaturation has 
also been derived, by combining the calculated partial pressures of the gas 
phase components. The chemical potential is known to be a good parameter 
to understand the chemical situation of a given system. It will also give in- 
formation as to whether crystal growth would or would not occur. Therefore, 
we will begin the considerations on epitaxy by GVD with a short introduc- 
tion to the relevant definitions and relations concerning this parameter. More 
general information on this subject can be found in Sect. 11.1. 

The chemical potential of a given phase is defined as the Gibbs free energy 
increase when one mole of substance is added in that phase at constant 
temperature and pressure: 



dG 



T,p 



(6.7) 



If we use the molar Gibbs energy, /i = AG, the Gibbs energy is expressed 
in terms of enthalpy AH and entropy AS, which are determined from the 
specific heat Cp. 
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( 6 . 8 ) 



When the standard heat of formation Ai7j, the standard entropy AS^ , and 
the specific heat of the substance Cp are known, one can obtain the chemical 
potential of the substance in any given phase [6.24]. Suppose now that we 
have a vapor transport system as shown in Fig. 6.10 which is typical of a GVD 
process. This system consists of a solid M and gaseous species A, B, C, and 
D. The component that occurs in one of the gaseous species is transported 
to the solid phase through the halogen transport reaction given by 



-^^solid “1“ — ^-^gas T ^Ggas T ^-^gas* 



(6.9) 




104 6. Vapor Phaise Epitaxy 



gaseous species 

A, B, C, D 




Fig. 6.10. Vapor transport system com- 
prising vapor and solid phases and the 
transport reaction between them (taken 
from [6.24]) 



Halogen atoms are included only in two gaseous species, namely, in A and 
in one of H, (7, or D. When the system is nearly at equilibrium, the total 
chemical potential change caused by a slight perturbation must be zero 

^/ijdnj=0 (6.10) 

i 



where dn^ is the molar increase of species i due to the perturbation. Since 
no material is added to the system from outside, a material flow balance is 
established between the existing species 
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c d 



( 6 . 11 ) 



The constants and d are the reaction coefficients of reaction (6.9). In 

equilibrium 



HM, so\id + af^a = bfib + cfXc + dfid. (6.12) 

If we use the ideal-gas approximation, we can write 

MM, solid = -afiA + + CMc + + RT\og{p'^°- P bPcP%). (6.13) 

The equilibrium constant of reaction (6.9) is given by 

K{T)=p-Ap%phpi. (6.14) 

We thus obtain 



Mm, solid — RT\og{Ki{T)). (6.15) 

Next, we obtain the chemical potential under non equilibrium conditions. In 
doing this we assume a hypothetic chemical potential of the solid M, i.e.. 
Mm, gas 5 which is expressed in the partial pressures of the gaseous species A, 
H, C, and D as 

MM, gas = -apA + + CMc + «^Md + RT\og{K{T)). 



(6.16) 
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(a) 



(b) 



Fig. 6.11. Chemical potential profiles in vapor and solid phases during the CVD 
process (taken from [6.24]) 



Here //M,gas can be regarded as a vapor chemical potential of the solid M, as 
if the solid M is existing in the vapor phase. 

The following relations are important for understanding the phase tran- 
sitions at the solid surface of the substrate during the CVD process: 

(i) Mm, gas = Mm, solid means equilibrium between the two phases 

(ii) Mm, gas > MM,soiid means that growth of the solid film occurs 

(iii) MM,gas < Mm, solid means that etching (vaporization) of the solid surface 
occurs. 

The difference between the chemical potentials of the vapor and solid phases, 
A/i = MM,gas “ MM,soiid5 IS the driving force for crystal growth. The evolution 
of the chemical reaction will result in A/x becoming zero. However, in an 
actual growth system, gas having a chemical potential higher than that of 
the substrate is continuously supplied, and hence A// remains greater than 
zero in the system. If we know all partial pressures of the gaseous species 
supplied to the solid, the hypothetical chemical potential defined by (6.16) is 
obtained by substituting those pressures: 

A, = snog . (6.17) 

Ki{T) is here the equilibrium constant of the deposition reaction given by 
(6.9) at the temperature T. We can calculate A/x K{T) is known. Figure 6.11 
shows chemical potential profiles for two cases. The case shown in Fig. 6.11a 
expresses a situation where the chemical reaction at the substrate surface is 
very fast compared with the diffusion speed of the gas species. In this case 
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(a) 





Fig. 6.12. Crystal growth in a 
closed-tube system and the chem- 
ical potential profiles (taken from 
[ 6 . 24 ]) 



the chemical potential difference is developed in the vapor phase, resulting 
in a chemical potential gradient Afi/L. The distance L is dependent on the 
diffusion velocity of the gaseous species. On the other hand, as shown in 
Fig. 6.11b, when the reaction velocity is very low, the chemical potential 
difference does not exist in the vapor phase but instead it occurs at the 
interface between the vapor and the solid phases, namely on the substrate 
surface, resulting in a chemical potential step A/i. 

Let us now consider the two possible cases of CVD growth systems, 
namely, the closed-tube system (see Fig. 6.12) and the open-tube system (see 
Fig. 6.13), on the example of halogen transport epitaxy. In the closed-tube 
growth system the source and the substrate are positioned at opposite ends 
of the tube maintained at temperatures Tjj and T^. A controlled amount of 
halogen gas such as I 2 or HCl is introduced, which gives rise to a dispro- 
portionation reaction. For instance, this reaction in the case of the GaAs-Cl 
system is given by [6.24] 

GaAs + IcaCla ^ ^GaCl + 1 As4- (6.18) 

The vapor phase at both ends is assumed to be in equilibrium with the 
respective solid. We shall write, using the definition (6.16), 

Mm, gas = fiUT) + RTlog{K{T)). 

However, at T = Th and T = Tl 



(6.19) 
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(a) 





(c) 



Fig. 6.13. Crystal growth in an 
open-tube reactor and the chem- 
ical potential profile (taken from 
[6.24]) 



Mm, gas — Mm, solid- (6.20) 

Here, K{T) is the equilibrium constant of reaction given by (6.18). The driv- 
ing force for crystal growth might be supposed to be the difference between 
the chemical potentials at Th and Tl^ namely A/x = — 

However, this is not true, because the chemical potentials in the difference 
should be defined at an identical temperature, which should be the substrate 
temperature Tl. Therefore, we write 

Am = MM,gas(^// -> Tf,) - /J^M,gas{TL)‘ (6.21) 

where MM,gas(^// ^ Tl) = Mm(^-^^) + TITl log(K(Tf/)). Thus, we obtain 

= ( 6 . 22 ) 

The advantage of the expression using the chemical potential is that we 
can understand the thermodynamic situation of the gas mixture of interest 
also in the case of growth in an open tube CVD system. It is not necessary 
to calculate partial pressures to know whether a given gas mixture will exert 
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a driving force for crystal growth. The chemical potential of a gas mixture 
must change as it flows down the reactor. A model case is shown in Fig. 6.13. 
The source and the substrate, kept at Th and T/,, respectively, are the same 
material. Halogen gas is introduced and reacted with the source, generat- 
ing several gas species. The chemical potential along the flow direction is 
shown in Fig. 6.13b. The vapor phase is assumed to be in equilibrium with 
the source, i.e., the chemical potential of the source and the gas mixture 
are equal, /isource(F//) = /Xgas(T//). The gas mixture is flowing toward the 
substrate without any deposition in the middle region. It becomes supersat- 
urated when it reaches the substrate. The gas temperature is decreased from 
Th to but the gas composition is unchanged. The chemical potential of 
the supersaturated gas, /Xgas,ss can be expressed as 

%as,ss = M°gas(7L) + RTl ^ "Oi logPj. (6.23) 

i 

Since the source region is in equilibrium, 'di log pi = log K{Th)^ and the 

chemical potential of the supersaturated gas can be expressed as 

Mgas,ss = fJ-°gas{TL) + RTl log K{Th) (6.24) 

and its chemical potential becomes higher than that of the substrate 

Mgas,ss(FL) = /isub(FL) + A/X. (6.25) 

The chemical potential difference thus generated exists over some dis- 
tance. The boundary-layer theory [6.3] is well known in flow dynamics for 
the calculation of the transition length, Lbl, near the substrate. It seems that 
Lbl corresponds to the length of the chemical potential difference. However, 
Lbl deflned as the transition region thickness in the velocity profile of the 
flowing gases, and is not always identical to the thickness of the concentra- 
tion profile. Figure 6.13c shows a rough sketch of L. The gas species entering 
the region deflned by L contribute to the growth reaction. Within L, the gas 
composition is changed due to the diffusion flow of the reactant species. If we 
define L as the boundary layer thickness of the concentration profile, it de- 
termines the chemical potential gradient A/x/L. In the case of the closed-tube 
reactor, L is equal to the distance between the source and the substrate. 
However, in the open-tube reactor, the separation between the source and 
the substrate has little meaning. We use a forced flow in the open-tube re- 
actor, where the flow pattern is strongly dependent on the carrier-gas flow 
rate and the substrate holder geometry. So far, no relation has been reported 
between the boundary layer thickness Lbl and the length of the chemical 
potential difference L. Since actual reactors have a complicated structure in 
the substrate region, it is very difficult to obtain the exact profiles of gas 
velocity and concentrations. In order to overcome such difficulty, Secrest et 
al. [6.27] have proposed a procedure based on the finite-element method in- 
volving the balance of mass, balance of momentum, and balance of energy. 
They calculated the GaAs growth rate with the assumption that the growing 
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surface is in equilibrium and the growth rate is limited by the transport rate 
of As 4 in the transition layer. They obtained a velocity profile near the sub- 
strate in which the boundary layer is not found since the distance between 
the substrate surface and the tube wall is too short to develop a wall-formed 
boundary layer as predicted by the conventional theory. A good agreement 
is obtained for the GaAs growth rate. It is particularly noteworthy that the 
rates were calculated without empirical determination of parameters or use 
of the boundary layer approximation, so far used in many papers. Although 
this kind of procedure needs a very fast computer, it became at present the 
major technique for the analysis of vapor transport growth, since not only 
the velocity profile but also many thermodynamic characteristics, such as the 
chemical potential gradient, can be readily visualized in figures. 



6.2.2 Mass Transport and Heat Transfer in CVD Reactors 



In a VPE environment the mass transport, i.e. the flux ji of reactant i to the 
gas-solid interface is given by convective flow, by diffusion in a concentration 
gradient and by thermodiffusion (temperature gradient driven) [6.29]: 



ji 



PiV 

kT 



A 

kT 



'^Pi + f PiVT 



(6.26) 



where pi is the partial pressure of the species i, Di is the diffusion con- 
stant of species i within the carrier gas and is the thermodiffusion co- 
efficient. Clearly inhomogeneous velocity profiles distributions of growth 
determining species pi as well as inhomogeneous temperature profiles can 
create very inhomogeneous deposition according to (6.26). Much effort there- 
fore has been undertaken in the past to study and, as a consequence, to 
control the flow and heat transfer in a CVD reactor in order to achieve 
uniform deposition. This is especially needed for semiconductor technology. 
The range of CVD reactor models include analytical boundary layer inspired 
models, two-dimensional boundary layer models, two-dimensional elliptic de- 
scriptions, and three-dimensional models [6.30]. Because of the difficulties in 
obtaining experimental flow rate data, these models have typically been ver- 
ified through comparison of measured and predicted deposition rates. How- 
ever, the deposition rate is a cumulative function of chemical reaction and 
transport effects and cannot give a detailed picture of the actual gas phase 
transport phenomena occurring above the susceptor. 

The most accurate modeling calculations have been performed on the 
mathematical basis of the nonlinear differential equations describing conser- 
vation of mass, momentum and energy in the reactor (11.15)-(11.22). Ex- 
perimental verifications have been done via smoke visualization, velocity and 
temperature measurements. The most complete studies have been performed 
for horizontal reactors which will be used here as an example to present the 
principal features with respect to external macroscopic parameter such as 
flow rates, susceptor temperature or pressure [6.28,31]. 
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Reynolds number 

Fig. 6.14. Schematic illustration of the different hydrodynamical flow modes oc- 
curring as a function of Rayleigh and Reynolds numbers. CVD is desired to operate 
in the laminar area but because of necessary temperature gradients is quite often 
also near the border line where thermally driven vortices (rolls) occur in the reactor, 
(taken from [6.28]) 



All known CVD reactors operate in or near the laminar flow regime. 
This hydrodynamical regime is specified by the magnitudes of the Reynolds 
number 



Re 



<V> h 
V 



(6.27) 



and the Rayleigh number: 



R 



a 



gPh^AT 

ua 



(6.28) 



where < u > is the average velocity, h the height of the channel, v the kine- 
matic viscosity, g the gravitational constant, jS the thermal expansion coeffi- 
cient, AT the temperature difference and a the thermal diffusivity. 

The former describes the momentum flux by convection in relation to 
that by diffusion and the latter the ratio of the buoyancy force to the vis- 
cous force [6.32]. Depending on the actual values the flow pattern can be 
laminar, show vortices (rolls) or may be turbulent (Fig. 6.14). In the region 
where vortices are occurring transport is difficult to control by external pa- 
rameters and may lead to unexpected transport features of the reactants. 
The turbulent region, in principle, might be useful for a homogeneous de- 
position too. It would require, however, inconvenient high flow rates. To the 
authors’ knowledge epitaxial growth under such conditions has not yet been 
reported. The computational solution of (11.15)-(11.22) in general assumes 
steady state conditions, i.e. the time derivatives are set equal to zero with 
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the consequence that dynamical effects like gas switching or rapid thermal 
changes cannot be treated and also the turbulent regime of Fig. 6.14 is ex- 
cluded. Beside the steady state approximations in general one assumes also 
low concentrations of the reactants, e.g., that the total pressure is dominated 
by a carrier gas. Consequently volume changes due to a change of the number 
of moles during gas phase reactions are neglected. Similarly, energy contri- 
butions from the heat of reactions are not considered. Therefore, the flow 
and energy solution can be decoupled from the mass transfer analysis. These 
simpliflcations might not always be possible (for example in systems involv- 
ing mercury compounds) [6.33], but are nearly always fulfllled in MOVPE 
reactors. 

The hydrodynamical boundary conditions include the standard hydro- 
dynamic conditions that the velocities are all zero at the reactor walls (no 
slip condition) or in case of a susceptor rotating with frequency uj that the 
azimuthal velocity — uj ' r {r — radial distance from the axis) is zero. 
Moreover, the inlet flow profile is specified for the only component in the 
axial direction as either parabolic (Hagen-Poiseuille) or as a constant (plug 
flow). 

The development of vortices in a CVD reactor is also a phenomenon usu- 
ally not wanted in the light of a very homogeneous deposition. Vortices (rolls) 
appear at large Rayleigh numbers, e.g. when the buoyancy force is large (large 
density of the gas, large dimensions of the reactor, large temperature gradi- 
ents). Vortices may lead to uncontrolled mass transfer within the reactor and 
may increase also the residence time of the gas mixture considerably. As a 
consequence of the former thickness and composition uniformity may be ad- 
versely affected while the latter will increase gas switching times which might 
become rather long and might make the growth of sharp heterointerfaces im- 
possible. 

Besides affecting the flow pattern the temperature distribution is critical 
since the chemical reactions are temperature activated. The actual heat trans- 
fer within CVD reactors, however, is complex involving radiation heat trans- 
fer between solid surfaces, convection in the gas phase as well as heat con- 
duction in the gas, in the reactor walls and in the susceptor. Thus, the more 
critical boundary conditions are those for the temperature. In a first guess 
one might assume the wall and the susceptor temperatures to be isotherms. 
However, measurements show that this is by no means the case and one has 
to model the full thermal flow by heat conduction in the solid parts of the 
reactor (walls, susceptor), heat conduction by the gas and by radiation [6.28]. 
As an example we show in Fig. 6.15 a result for the temperature held above 
the susceptor. The fixed temperature condition at the top wall (Fig. 6.15a) 
in principle can be realized with a cooling system. It leads to a quite nicely 
developed classical boundary layer (see Sect. 11.2.2). The adiabatic wall case 
leads to an increase of the top wall temperature along the length of the reac- 
tor and the isotherms will terminate perpendicular on the top wall. On the 
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Fig. 6.15. Effect of temperature boundary conditions on predicted isotherms 
in a horizontal reactor heated at the bottom with gas inlet at the left: (a) the 
temperature of the upper wall is fixed at 300 K; (b) the upper wall is adiabatic; (c) 
detailed boundary conditions together with experimental data (dashed lines). The x 
(y) axis of the graphs is the flow direction (height above the susceptor) respectively. 
Units are in cm (see geometry in Fig. 6.16) (taken from [6.28]) 



other hand, the agreement between calculations performed with very spe- 
cific boundary conditions and experiments (Fig. 6.15c) shows that thermal 
boundary conditions are very important and have to be specified in detail. 
Only when detailed wall balances, including heat conduction in the wall, heat 
transfer to the surroundings and radiative heat transfer (using Planck‘s ra- 
diation law with correct emissivities) were taken into account was it possible 
to reproduce the experimental results. 

These and other quite detailed theoretical studies as well as experiments 
have been performed for horizontal reactors such as the one displayed in 
Fig. 6.16 and we will discuss in the following examples obtained with this 
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gas mist 




Fig. 6.16. Schematic illustration of a horizontal reactor cell used in studies of CVD 
growth (taken from [6.28]) 



geometry in more detail here. Equations (11.15)-(11.22) are then solved nu- 
merically by the Galerkin finite element technique [6.34]. An appropriate 
mesh is generated which in general will be not rectangular but adapted to 
the shape of the reactor walls. Figure 6.17 gives examples for a horizontal 
reactor with a horizontal and a tilted susceptor. In the modeling procedures 
performed in [6.28] the reactor is considered to be symmetric about the 





Fig. 6.17. Finite element mesh used in computations: (a) horizontal susceptor; (b) 
tilted susceptor (taken from [6.28]) 
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Fig. 6.18. Measured (dashed lines) and predicted (solid lines) isotherms above 
the susceptor for different inlet flow rates of hydrogen at 1 atm pressure: (a) 2 SLM, 
(b) 4 SLM and (c) 8 SLM (SLM: standard liters per minute) The x (y) axis of the 
graphs is the flow direction (height above the susceptor) respectively. Units are in 
cm (see geometry in Fig. 6.16) (taken from [6.28]) 



midplane, and this plane is then taken as the two dimensional domain for 
the solutions of the basic equations describing the carrier gas flow and the 
temperature distribution in the reactor. 

The solution vector was approximated by sets of piecewise continuous 
polynomials formulated on the finite element mesh and multiplied by un- 
known scalar coefficients. The velocity and temperature components were 
represented by biquadratic polynomials and the pressure by bilinear polyno- 
mials. This corresponds to the standard mixed finite element representation 
for an incompressible fluid [6.35]. Details of the finite element solution can 
be found in [6.36]. 
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Fig. 6.19. Measured (dashed lines) and predicted (solid lines) isotherms above the 
susceptor for (a) hydrogen and (b) nitrogen at 2 SLM inlet flow at 1000 mbar The x 
(y) axis of the graphs is the flow direction (height above the susceptor) respectively. 
Units are in cm (see geometry in Fig. 6.16) (taken from [6.28]) 



In the following we will discuss results obtained from the variation of 
common CVD reactor parameters such as inlet flow rate, type of carrier gas, 
susceptor tilt, thermal boundary conditions and the development of rolls. 

The variation of flow rate (Fig. 6.18) is discussed in terms of standard 
liters per minute (SLM) fed to the reactor. At low inlet flow rates heat con- 
duction is sufficiently fast relative to convection to establish a situation where 
the gas temperature decreases nearly linear with vertical distance from the 
susceptor corresponding to a conduction dominated case. At higher flow rates 
convection becomes important and a boundary layer develops as may be ob- 
served from the position of the 700 K isotherm for the three flow rates shown 
in Fig. 6.18. The “cold finger” is the combined result of the radiative heating 
of the top quartz wall by the hot susceptor and the heat transfer from the 
top wall to the incoming colder gas (top wall boundary layer). It becomes 
most pronounced at the highest velocity. 

Variations of the total pressure, which have also been considered, lead 
only to minor changes in the temperature field [6.28], a fact which is ex- 
pected, since the heat transfer characteristics at constant mass flow should 
be independent of pressure. However, the kind of carrier gas has a strong in- 
fluence as can be seen from the hydrogen vs nitrogen comparison in Fig. 6.19. 
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Fig. 6.20. Predicted (solid lines) and measured (dashed lines) isotherms above the 
susceptor for 2 SLM inlet hydrogen flow at 1000 mbar and two different susceptor 
tilt angles: (a) no tilt and (b) 18.4° tilt angle The x (y) axis of the graphs is the flow 
direction (height above the susceptor) respectively. Units are in cm (see geometry 
in Fig. 6.16) (taken from [6.28]) 



Since nitrogen has a thermal conductivity lower by a factor of approximately 
seven compared to hydrogen, convection dominates in nitrogen. As a result 
a definite and uniform boundary layer develops above the susceptor with the 
presence of a very long “cold finger” . Consequently, in growth studies with 
nitrogen as carrier gas very uniform deposition has been observed [6.37,38]. 
Thus from the viewpoint of uniformity of growth it would be desirable to use 
nitrogen instead of hydrogen as the carrier gas. The fact that hydrogen is 
still the carrier gas of choice is related to the ease of purification. 

Figure 6.20 illustrates the effect of tilting the susceptor. Clearly sharper 
and more uniform temperature gradients are obtained which will lead to more 
uniform growth. The effect of changing the susceptor orientation relative to 
gravity (buoyancy force) has been explored too by rotating the reactor cell 
from the conventional horizontal with the susceptor at the bottom of the 
reactor (Fig. 6.16), to an aided flow case (vertical) where the buoyancy force 
acts in the same direction as the main flow (chimney configuration) and to 
an inverted geometry with the susceptor and sample mounted at the top 
of the reactor. Both these configurations (“chimney-reactor”, “upside-down- 
reactor”) have been shown to produce uniform deposition rates [6.39,40]. 
The calculations and measurements presented in [6.28,41,42] show, however. 
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that the increase in uniformity is only rather slight and thus in reality may 
be offset by the larger effort to mount a substrate vertically or upside down 
at the top of the reactor wall. 

The previous examples ah gave excellent agreement between theoretical 
predictions and experiments. This demonstrates that with today’s compu- 
tational possibilities the temperature helds within reactors can be modeled 
quite accurately such that detailed measurements seem to be no longer neces- 
sary. The effect of the thermal boundary layers on the deposition rates can be 
further explored by using the analogy between heat and mass transfer [6.43]. 
According to this analogy the variation in heat transfer along the substrate 
surface will be equivalent to the variation in mass transfer if the deposition is 
governed by a single mass transfer limited reaction and the reactant is dilute 
in the carrier gas. The Nusselt number Nu 



Nu 



AT 



(6.29) 



which is a measure of the heat transfer rate, may then readily be taken in 
order to discuss the temperature prohles, given in the last hgures, in terms 
of deposition uniformity. Isotherms being parallel to the substrate have the 
same temperature gradient everywhere and thus lead to uniform growth. A 
larger (smaller) temperature gradient normal to the surface means larger 
(smaller) deposition rates. 

The model simulations are also able to produce the occurrence of rolls in 
the flow pattern. Figure 6.21 give examples for a horizontal reactor under dif- 
ferent operation conditions and mountings. The recirculation cells occurring 
in Figs. 6.21a, d, e are of course unwanted because they make gas switch- 
ing processes slow and thus make it difficult to grow sharp interfaces. They 
can be avoided as shown in Figs. 6.21b, c by increasing the flow rate (larger 
Reynolds number) or by reducing the total pressure (smaller Rayleigh num- 
ber, see Fig. 6.14). These and other calculations are usually performed for 
computational reasons, as mentioned, in two dimensions only in a reactor 
midplane containing the flow direction. This plane is assumed to be sym- 
metric with respect to all physical quantities in the transverse direction {z 
in Fig. 6.16). This seems to be the case indeed for all practical reactors. But 
unfortunately, no statement can be made of course about the magnitude of 
transverse mass transport in such a two-dimensional calculation. However, 
depending on the geometries and conditions used transverse transport might 
quite severely affect the deposition. Such transport my be caused by the de- 
velopment of transverse rolls in the reactor. They can be simulated only by 
three-dimensional solutions of (11.15)-(11.22). 

Figure 6.22 gives one of the few examples for a three-dimensional calcula- 
tion showing the development of rolls along the length of the reactor [6.31]. 
The calculation is performed for atmospheric pressure and in a reactor with a 
large aspect ratio (height divided by width). Both facts lead to large Rayleigh 
numbers (or buoyancy force) and thus stimulate the occurrence of rolls. The 
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corresponding growth rate shown in Fig. 6.23 (calculated with adiabatic side 
walls) is by no means uniform any more. The rolls deplete the growth de- 
termining precursor in the side regions of the reactor and the growth rate 
decreases there correspondingly. 

As a summary of this section on gas phase transport one can state that in 
general high flow rates and lower pressures are promoting uniform boundary 
layers and circumvent the appearance of rolls. Thus uniform deposition is 
much easier to achieve. 

6.2.3 Principles of the MOVPE Process 

The practical demand to decrease the growth temperature in order to make 
the hetero junctions in epitaxial layers as sharp as possible generated an inten- 
sive development trend of CVD processes based on metalorganic compounds 
(MOCVD, or MOVPE) decomposing at lower temperatures [6.44] than those 
at which the reactions in the Cl-H systems occur [6.24]. The classical example 
is the growth of GaAs from trimethylgallium and arsine: 

Ga(CH 3)3 + AsH 3 GaAs -h 3 GH 4 . (6.30) 

The process is also often referred as metalorganic chemical vapor deposition 
(MOCVD) or following the chemical terminology ’’organometallic” as organo 
metallic vapor phase epitaxy (OMVPE) or organo metallic CVD (OMCVD). 

The first reports about MOVPE growth of III-V semiconductors have 
been given in patent files as early as in 1954 (InSb) [6.45] and 1962/63 (GaAs) 
[6.46,47]. This work was, however, not published in the standard literature, 
and therefore the pioneering epitaxial work of Manasevit and Simpson [6.48] 
is usually taken erroneously as the first report on MOVPE growth. 

The main concern of MOVPE development in the first few decades has 
been the complex and unknown chemistry of the metalorganic compounds 
and the resulting purity of the epitaxial layers specifically in comparison to 
MBE. These problems have been solved by intensive analytical and chemical 
research and MOVPE has become a versatile and broadly applied technique 
for deposition of high-quality epilayers of virtually all III/V and II/ VI semi- 
conductor in a mass-production scale [6.49]. In addition, nearly every device 
structure that has been made by other epitaxial growth technique has now 
been duplicated using MOVPE, in many cases also with superior properties. 
Moreover, phosphorus containing semiconductors (Ga-In-P) are exclusively 
deposited with MOVPE because of the inherent difficulties of solid phos- 
phorus sources in MBE. Similarly group Ill-nitrides are mainly grown by 
MOVPE. Because of its technical importance, we will discuss the MOVPE 
technology in more detail in chapter 8 . 
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6.3 Atomic Layer Epitaxy 

Atomic layer epitaxy (ALE) is not so much a new technique for preparation 
of thin films as a modification to existing methods of VPE, either PVD with 
MBE at one limit, or CVD with halogen VPE or MO VPE at the other limit. It 
is a self-regulatory process which, in its simplest form, produces one complete 
molecular layer of the grown compound per operational cycle with a greater 
thickness being obtained by repeated cycling. There is no growth rate in ALE 
as in other crystal growth processes [6.50]. Originally invented by Suntola and 
Antson [6.51] in 1974, ALE has been applied since then to epitaxial growth of 
a whole variety of compound semiconductors, with greatest successes achieved 
for II- VI and III-V compounds. Especially useful is ALE for preparation 
of large-area thin-film electroluminescent displays, based on Mn doped ZnS 
[6.50]. This growth technique offers particular advantages for preparation of 
ultrathin films of precisely controlled thickness in the nanometer range, and 
thus has a special value for growing low-dimensional structures. 

Presenting here the basic features of ALE, in its CVD-related variant, 
we will follow the review by Suntola [6.52] but the reader is also refered to 
[6.53]; for information on the MBE-related variant, i.e., on UHV ALE, the 
reader is referred to Sect. 7.2. 

6.3.1 Principles of the ALE Process 

ALE is a surface controlled process for thin-film manufacturing and for epi- 
taxial growth of single crystal layers. It is primarily developed for compound 
materials such as II- VI and III-V semiconductors, oxides and nitrides but it 
can also be extended to covalent materials [6.54]. 

In ALE, epitaxial growth is obtained by sequentially controlled surface 
conditions, which not only control the structure of the growing layer but 
also the rate of the growth, to one atomic layer (monolayer) in one reaction 
sequence. The inherent structural control of the growing layer, and the “digi- 
tal” rate control of the growth process, makes ALE attractive for the growth 
of crystalline compound layers, complex layered structures, superlattices and 
layered alloys. 

The sequential control of the growth in ALE is based on saturating surface 
reactions between the substrate and each of the reactants needed for the 
compound to be grown. Each surface reaction adds one monolayer of the 
material on the surface. A monolayer obtained in a reaction sequence may be 
a “full monolayer” corresponding to the density of atoms in the corresponding 
crystal plane of a bulk crystal or it may be a “partial monolayer” due to 
preferred surface reconstructions or steric-hindrance effects related to the 
reactant used [6.52]. 

If the reactants used are the constituent elements of the material to be 
grown, the surface reactions are additive and the necessary condition for sat- 
uration is that condensation of the reactant does not occur (see Fig. 6.24, 
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Fig. 6.24. Basic sequences of ALE for compound AB. “A” denotes a group-I, II, 
III element, while “B” denotes a group V, VI, VII element. “Xn” and “Yn” denote 
ligands of the reactants AXn and BYn, respectively. In the ALE process shown 
in part (a), the sequence of reactions for elemental reactants A(g) and Bn(g) is 
indicated. In the ALE process shown in part (b), it is required that the ligands Xn 
and Yn are able to form volatile compounds in a surface exchange reaction. 

In part (a); step (a.) illustrates the introduction of A(g) onto the substrate surface; 
step (b.) shows the formation of an A(s) monolayer surface; step (c.) illustrates the 
introduction of Bn(g) onto the A(s) surface, while step (d.) indicates the formation 
of a B(s) monolayer surface. Step (e.) is just a repetition of the cycle shown in (a.). 
In part (b) the sequence of steps of ALE with compound reactants are shown: 
step (a.) illustrates the introduction of AXn(g) onto the substrate surface; step 
(b.) shows the formation of an AXn(s) monolayer surface; step (c.) illustrates the 
introduction of BYn(g) onto the AXn(s) surface; step (d.) indicates the formation 
of a B(s) monolayer surface with simultaneous release of XY(g). Step (e.) is the 
repetition of the cycle from step (a.). The release of ligands Xn and Yn may also 
take place partially in each reaction sequence (taken from [6.52]) 



part A). In the case of compound reactants there are several mechanisms of 
saturation, depending on the nature of the surface reactions in question (see 
Fig. 6.24, part B). Saturation of each surface reaction is the characteristic 
feature of ALE; sequencing alone does not result in the surface control. Sat- 
uration makes the growth rate proportional to the number of reaction cycles 
and not to the intensity of the reactant flux. Instead of monitoring thick- 
ness during the growth process, in ALE the thickness can be determined 
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by counting the number of reaction steps. For ALE of covalent (elemental) 
materials a compound reactant or a pair of compound reactants is needed. 
Two approaches to saturated reactions can be used in this case. The first 
approach comprises a reaction adding a monolayer of the covalent material 
to be grown and a separate reduction sequence activated with extra energy 
which re-establishes the surface for a new monolayer (see Fig. 6.25). The re- 
duction sequence may also be a chemical reaction resulting in release of the 
surface ligands (see Fig. 6.26). In the best case the release of the surface lig- 
and is performed with a reactant also adding a monolayer of the material 
grown (see Fig. 6.27). A pair comprised of a halide and a hydride of a group- 
IV material could satisfy such a requirement. The saturation mechanisms in 
this approach are basically similar to the saturation mechanisms of ALE of 
compound materials using compound reactants. 

Advantages obtainable with ALE are dependent on the material to be 
processed and the type of applications in question. In thin film epitaxy ALE 
may be a way of obtaining lower growth temperatures. It is also a method for 
making precise (very sharp) interfaces and epilayers needed in superlattice 
structures. In applications for non-epit axial thin-film growth ALE makes it 
possible to obtain excellent thickness uniformity over large areas. The surface 
control of ALE results also in reproducible physical characteristics with good 
homogeneity of the grown films. 

In its simplest mode of operation ALE is performed using the elements 
of the compound to be grown as the reactants. In this mode, usually real- 
ized by UHV ALE, the compound grows one full or partial monolayer in 




C(£) + CX(g) = CX(S) + (energy) = C(s) + CX(g) = 

CCX(s) C{s) + X(g) CCX (s) 

(a) (b) (c) 

Fig. 6.25. ALE of covalent material “C” (group-IV element) comprising: (a) a 
sequence of formation of a monolayer using reactant CXn and (b) a sequence for 
re- activating the surface for the next monolayer by extra energy, heat, or photons, 
(c) presents a sequence for growing the next monolayer (taken from [6.52]) 
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C(s) + CX(g> = CX(s) + Y(g) = C(s) + CX(g) = 

CCX(s) C(s) + XY(g) CCX(s) 

(a) (b) (c) 

Fig. 6.26. ALE of covalent material “C” (group-IV element) comprising: (a) a 
sequence for a monolayer formation using reactant CXn and (b) a sequence for 
releasing the surface ligands by a reaction with Yn(g) gas. (c) shows the sequence 
for the next monolayer to be grown (taken from [6.52]) 





C(s) + CX(s) = 
CCX<s) 




CX(s) + CY(s) = 

CC(s) + XY(g) 



(a) (b) 



Fig. 6.27. ALE of elemental materials by a pair of reactants CXn and CYn each 
adding a monolayer of the material: (a) the reactant CXn(g) adds a monolayer 
CX(s) onto the C(s) surface, (b) the reactant CYn(g) adds a C(s) monolayer while 
releasing the Xn(s) surface ligand as nXY(g) vapor. The ligand exchange may also 
be divided between the CXn(g) and CYn(g) reactions. Then the surface can be 
expressed as CXx_k(s) and CYk(s), respectively (taken from [6.52]) 
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each reaction step as a result of an additive chemisorption in each cycle. For 
monoatomic elemental reactants additive surface reaction may occur directly, 
without a precursor state or an activation energy. For such a reaction one 
must also assume that there are bonding sites directly available on the sur- 
face. If a modification of the surface structure such as breaking of a surface 
reconstruction is needed to create a bonding site, an activation energy of the 
surface reaction has to be assumed. The activation energy can be described 
with a precursor state connected to the final bonding site. A precursor state 
and an activation energy can also be used to describe the surface reaction 
condition when modification of the reactant molecule, such as dissociation or 
structural modification, is needed before chemisorption. 

The use of compounds as the reactants extends the use of the ALE process 
to materials where the vapor pressures of the elemental components are too 
low to give rise to the additive mode of the ALE process. A basic requirement 
of a reactant is a reasonable vapor pressure at the processing temperature. 
Low vapor pressure of a reactant leads to slow processing, especially with 
large- area substrates. Other requirements of the reactant are a good reactivity 
with the surface it is reacting with and also that the surface formed after the 
reaction is reactive with the second reactant used. 

Full advantage of the saturation of the surface reactions in ALE is ob- 
tained when the process is performed in thermal equilibrium. This also means 
that the reactant should be chemically stable at the processing temperature. 
In the case of additive ALE processes it was stated that the saturation densi- 
ties of the monolayers are mainly determined by the surface reconstructions 
formed in each reaction sequence. In the case of compound reactants, the 
saturation densities are also subject to the effects of surface reconstructions, 
but they may also be determined by the physical sizes of the ligands of 
the reactant molecules. Ligands may suppress the formation of surface re- 
constructions. This helps in obtaining a “full monolayer per cycle” growth 
condition. The ligands have an important role in the surface reactions; ac- 
cordingly, the choice of the compound reactants has a major effect on the 
ALE process [6.52]. 

The characteristic feature of ALE in all modes of operation is the satura- 
tion of each surface reaction, which causes the growth to proceed incremen- 
tally, one reaction step at a time. Accordingly, the surface reactions control 
the growth of the material. The structure and the density of a monolayer 
formed in an ALE reaction sequence is strongly dependent on the character- 
istic surface reconstruction of the material and the crystalline face in question. 
For some III-V materials the saturation density has been observed to corre- 
spond to the density of atoms in a crystalline face of the bulk material This 
case is often referred to as “a full monolayer per cycle” growth. In most cases 
the saturation density has been observed to be less than a “full monolayer” , 
which refers to the important role of surface reconstruction in ALE growth 
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steps. Use of large reactant molecules may also reduce the saturation density 
of a monolayer. 

In contrast to the requirements for reactants in CVD processes, optimal 
reactants in ALE should react aggressively with each other, i.e., the activation 
energy of the surface reaction should be low. In CVD a reaction threshold 
is needed for uniformity of thickness. A reaction threshold is also needed to 
avoid gas phase reactions. In ALE, gas phase reactions between reactants 
are automatically eliminated by the sequencing of the reactants. Thickness 
uniformity results from the saturation mechanism. High reactivity assures 
efficient saturation and a high material utilization factor. For a uniform satu- 
ration it is also important that the reactants used are stable at the processing 
temperature. Undesirable decomposition or partially completed exchange re- 
actions may be reasons for incomplete saturation or sources of impurities 
in the resulting material. Unstable ligands formed in the surface reactions 
may make the process sensitive to the gas flow dynamics of the system (they 
cause the loss of the self-regulation mechanism, characteristic of perfect ALE 
growth) [6.52]. 



6.3.2 Growth Systems for CVD-like ALE 

The main building blocks of an ALE reactor are presented in Fig. 6.28. ALE 
processes in the CVD-like mode of operation are usually carried out in an 
inert gas atmosphere. Therefore, the standard CVD reactors can be operated 
in ALE mode, provided that there are means for independent valving of the 
sources. 




Fig. 6.28. Block diagram of an ALE reactor. The reaction zone may be in a vacuum 
or in an inert gas system at low pressure or at atmospheric pressure (taken from 
[6.52]) 




reaction 

sequence 
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reactant A 



reactant B 



purge A; 



Ipurge B 



time 



reaction cycle 



Fig. 6.29. Definition of reaction and purge sequences (taken from [6.52]) 



Most CVD reactors, especially MOVPE reactors, are designed for reac- 
tants which are volatile at room temperature. They usually have a cold- wall 
design with inductive or infrared heating of the substrates. This minimizes 
the hot surface area and reduces undesirable growth on the reactor walls. In 
order to minimize gas phase reactions in a CVD process, reactants which are 
too aggressive are avoided. In standard MOVPE processes it is essential that, 
for uniform thickness, the reactant flux onto the substrate surface is uniform 
over the whole substrate area. In ALE, the rate of growth is controlled by 
the surface saturation mechanism, thus, it is proportional to the speed of 
sequencing of the reactants and to the saturation density of the reactants. A 
full ALE cycle consists of a reactant supply sequence and a purge sequence 
after each reactant sequence (see Fig. 6.29). A uniform thickness in a material 
layer is achieved, provided that the supply of each reactant is high enough for 
the saturation of every part of the substrate surface. This gives extra freedom 
and different boundary conditions for the design of ALE reactors. 

In the traveling- wave ALE reactor (see Fig. 6.30d), the reactants are fed 
through a cassette of substrates by an inert gas flow. A traveling-wave reactor 
utilizes multiple hits of reactant molecules on the substrate, which results 
in a high material utilization efficiency. The saturation mechanism of ALE 
ensures uniform thickness over the whole length of the substrate. Figure 6.30 
summarizes some reactor constructions used for ALE in its CVD-like mode. 



6.3.3 Specific Features and Application Areas 

ALE is a surface-controlled method of producing atomically smooth epitaxial 
layers and thin films. In spite of the principal simplicity of the process, the 
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Fig. 6.30. Schematic illustrations of reactors used for realization of the CVD-like 
mode of ALE. (a) High-vacuum reactor with a rotating substrate holder, (b) CVD- 
type reactor utilizing a rotating disk for sequencing. Purging and separation of the 
different reactants is enhanced by a purge gas supplied to the center of the rotating 
disk, (c) Flow-tube- type reactor often used in atmospheric-pressure CVD. For cold- 
wall operation inductive heating of the substrate is used, (d) A “traveling-wave” 
ALE reactor comprising hot- wall design, fast flow-dynamics and inert-gas- valved 
hot sources (taken from [6.52]) 



surface chemistry of ALE is not simple, and is still not very well understood. 
The surface chemistry is strictly individual for each material to be processed 
and for each combination of reactants used for the process (for an exhaustive 
review on materials-related growth peculiarities in ALE the reader is referred 
to the review of Suntola [6.52]). 

In ALE, the chemical reactions involved are divided into well-defined sub- 
reactions. This helps, by penetrating deeper into the reaction mechanisms 
and reaction pathways in ALE, to obtain a link between theoretical and 
experimental chemistry of this process. 

Application-oriented investigations concerning ALE are directed to areas 
like: 

(i) epitaxy of III-V and II- VI materials for optoelectronic devices and 
low-dimensional structures. 




6.3 Atomic Layer Epitaxy 129 



(ii) layer-by-layer controlled epitaxy of covalent (elemental) materials, 
their conformal growth and application in advanced semiconductor 
device structures, 

(iii) extremely sharp interfaces, thin dielectric layers, controlled superal- 
loys, 

(iv) large-area thin-film growth optimization for applications in electrolu- 
minescent displays and thin-film solar cells, 

(v) tailored molecular surfaces, including heterogeneous catalysts. 

ALE also has shown its productive capability in electroluminescent fiat- 
panel display technology. The cost efficiency of the process is based on the in- 
herent self-regulation property of ALE, which makes handling of large batches 
in a small volume possible. ALE also makes it possible to produce different 
types of materials in one process. For electroluminescent thin-film structures 
the whole stack of dielectric-semiconductor-dielectric thin films can be made 
in one process by using ALE. While ALE was originally developed to meet 
the qualitative requirements of the material, it has turned out that the inher- 
ent self-regulation of ALE is also a key to productive and effective processing 
[6.52]. 




7. Molecular Beam EpitcLxy 



MBE is a versatile technique for growing thin epitaxial structures made of 
semiconductors, metals or insulators [7.1] (see also the definition given in 
Sect. 6.1.3). What distinguishes MBE from previous vacuum deposition tech- 
niques is its significantly more precise control of the beam fiuxes and growth 
conditions. Because of vacuum deposition, MBE is carried out under con- 
ditions far from thermodynamic equilibrium and is governed mainly by the 
kinetics of the surface processes occurring when the impinging beams react 
with the outermost atomic layers of the substrate crystal. This is in contrast 
to other epitaxial growth techniques, such as LPE or atmospheric pressure 
VPE, which proceed at conditions near thermodynamic equilibrium and are 
most frequently controlled by diffusion processes occurring in the crystallizing 
phase surrounding the substrate crystal. 

In comparison to other epitaxial growth techniques, MBE has a unique 
advantage. Being realized in an ultrahigh vacuum environment (the pressure 
in the growth reactor is less than 10“^ Pa), it may be controlled in situ by 
surface diagnostic methods such as reflection high energy electron diffrac- 
tion (RHEED), reflection mass spectrometry (REMS) or optical techniques 
involving reflectance anisotropy spectroscopy (RAS), spectroscopic ellipsom- 
etry (SE), and laser interferometry (LI). These powerful facilities for control 
and analysis eliminate much of the guesswork in MBE, and enable the fab- 
rication of sophisticated device structures using this growth technique. For 
detailed information about these characterization techniques, the reader is 
referred to Chaps. 9 and 10 of this book. 

The characteristic feature of MBE is the beam nature of the mass flow 
towards the substrate. From this point of view it is important to consider 
the admissible value of the total pressure of the residual gas in the vacuum 
reactor, which has to be ensured in order to preserve the beam nature of 
the mass transport. The highest value of the residual gas pressure may be 
estimated from the condition that the mean free path of the molecules 
of the reactant beam penetrating the environment of the residual gas has 
to be larger than the distance from the outlet orifice of the beam source to 
the crystal surface Lqs (usually > Lqs > 0.2 m). For simplicity, assuming 
that the beam and the residual gas create a mixture of two gases, and that 
the average velocities of the residual gas molecules are much smaller than 
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the velocities of the beam molecules, one may use the following formula to 
calculate the admissible partial pressure of the residual gas Pg [7.1]. 



Pg = ksT 



^ - V2nnhdl 

l{d,^dgY 



(7.1) 



where and d^ are the concentration and diameter of the molecules in the 
molecular beam, respectively, while dg is the concentration of the molecules of 
the residual gas in the reaction chamber. In the case of MBE growth of GaAs 
(the first ever compound grown by MBE), the maximum value of the residual 
gas pressure is p^,max = 7.7 x 10“^ Pa [7.2]. It is evident that the beam nature 
of the mass transport is already preserved at high vacuum conditions (1.33 x 
10“^ Pa > p > 1.33 X 10“^ Pa). However, the low growth rates typical for 
conventional MBE techniques (about lpmh“^, or 1 monolayers”^) coupled 
with the obvious requirement of negligible unintentional impurity levels in 
the crystallized epitaxial layer lead to much more rigorous limitations for the 
total pressure of the residual gas in the MBE reactor [7.2]. 

The condition for growing a sufficiently clean epilayer can be expressed 
by the relation between the monolayer deposition times of the beam ti{b) 
and the background vapor ti{v). The time ti{v) during which one monolayer 
of contaminants is deposited on the substrate surface from the residual gas 
contained in the vacuum reactor should be at least 10^ times longer than 
the time ti{b) necessary for the deposition of a film of one monolayer thick- 
ness from the molecular beams, {ti{b) < 10”^ • For a beam flux of 

10^^ atoms m”^ s“^ reaching the substrate surface (this is a value typical for 
MBE growth of GaAs) and an equilibrium surface density of the substrate 
crystal atoms equal to 10^^ atoms m”^ one gets for ti{b) the value of Is. 
Gonsequently, the above condition will be fulfilled if the time ti(u) is not 
shorter than 10^ s 28 h [7.2]. From this requirement the pressure of the 
residual gas in the vacuum reactor p^,max should be less than 1.7 x 10”^ Pa. 
This numerical result indicates that MBE growth at low rates (1 pmh”^) 
should be carried out in an ultrahigh vacuum (UHV) environment. 

Usually the residual gas pressure routinely achieved in MBE vacuum sys- 
tems is in the range of low 10“^ Pa to mid 10”^ Pa [7.1]. These values are 
larger than the calculated value for p^,max; however, despite this, very clean 
thin epilayers may be grown by MBE. This positive effect should be ascribed 
to another feature of the MBE growth process, according to which the con- 
centrations of unintentional contaminants incorporated into a growing film 
depend also on their sticking coefficients on the substrate at the growth tem- 
perature. The present success of MBE technology stems, thus, more from 
the small sticking coefficients of the unintentional impurities on the heated 
substrate than from the attainable low residual gas pressure [7.2]. 
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7.1 Solid Source MBE 

When the sources of the reactants used in MBE are solids, then the MBE 
growth technique is commonly called solid source MBE (SSMBE). In this 
case the Knudsen mode of evaporation (see Sect. 6.1.2. for definition) is the 
fundamental phenomenon on which the operation principle of effusion cells, 
used as reactant sources in SSMBE, is based. It should, however, be men- 
tioned that electron beam and laser radiation heated sources have also been 
successfully applied for growing certain materials by SSMBE. For example, 
for growing mercury-containing compounds (characteristic of a very high va- 
por pressure of Hg) laser heated sources have been used, while electron beam 
heating is usually used for growing Si/GeSi heterostructures. Dissociation, 
or cracker cells are used in SS MBE, too. These cells are modified versions 
of conventional effusion cells in which the effusion beams are directed from a 
conventional Knudsen-type crucible via a higher-temperature (cracker) region 
onto the substrate. The cracker cells are mainly used for the group V materi- 
als As and P, which produce the tetramers AS4 and P4 when they are directly 
evaporated from elemental charges at lower temperature. The cracking region 
provides an elevated temperature multiple collision path for the beams and 
thus enables effective dissociation of the tetrameric molecules into dimers 
As 2 and P2, respectively [7.1]. The essential elements of a MBE system are 
shown schematically in Fig. 7.1. It is apparent from this illustration that each 
MBE arrangement may be divided into three zones where different physical 




Fig. 7.1. Schematic illustration of the essential parts of a MBE growth system. 
Three zones where the basic processes of MBE take place are indicated (taken from 

[7.1]) 
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Fig. 7.2. Schematic diagram showing the computer control system of the V80H 
MBE machine of VG Semicon company (taken from [7.1]) 



phenomena take place. The first zone is the generation zone of the molecu- 
lar beams. Next is the mixing zone where the beams from different sources 
intersect each other and the vaporized elements mix together creating a very 
special, rarefied gas phase contacting the substrate area. This area, where 
the crystallization processes take place, can be regarded as the third zone of 
the MBE physical system. The maturity which the MBE technique has now 
achieved is reflected in the demand for high throughput, high yield MBE 
machines. A whole set of companies currently manufacture MBE-growth and 
MBE-related equipment that is sophisticated in design and reliable in ap- 
plication. The modular approach to system design has been established as 
the most effective and flexible one. Modularity means providing the system in 
“building block” units, combining the advantages of standardization and flex- 
ibility. The enormous potential of MBE to produce structures of unequaled 
complexity can be fully realized only by utilizing effective automatic control 
using computer systems operating in real-time control mode. Real-time con- 
trol ensures precise synchronization of events during the growth process. For 
example, shutter status and molecular beam fluxes must be assessed and ad- 
justed simultaneously every one or two seconds in many growth procedures, 
especially when complicated device structures are to be grown with MBE. 
This means, however, that a computer control system with appropriate soft- 
ware (computer programs) is an indispensable part of the MBE equipment. 
An example of the computer-control system for a MBE machine (the V80H 
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Fig. 7.3. The V80H MBE system of VG Semicon installed in a clean room (taken 
from [7.1]) 



MBE system of the VG Semicon company) is depicted in Fig. 7.2. The pho- 
tograph of the V80H system, installed in a clean room, is shown in Fig. 7.3. 

More information on the construction blocks and functional elements of 
modern MBE production systems available commercially are presented and 
described in detail in Chap. 3 of [7.1], taking as examples the ISA Riber and 
the VG Semicon MBE systems. 



7.1.1 Basic Phenomena 

The molecular beams are generated in the first zone of the SSMBE growth 
system, under UHV conditions, from sources of the Knudsen effusion-cell 
type (see Fig. 6.2), whose temperatures are accurately controlled. By choosing 
appropriate cell and substrate temperatures, epitaxial layers of the desired 
chemical composition can be obtained. 

The uniformity in thickness as well as in the composition of the epilayers 
grown by MBE depends on the uniformities of the molecular beam fluxes, 
and thus also on the geometrical relationship between the configuration of the 
sources and the substrate. Optimization of these parameters is very often an 
extremely difficult task. Therefore, if possible, the substrate is rotated during 
the growth with a constant angular velocity around the axis perpendicular 
to its surface. The substrate rotation causes a considerable enhancement in 
thickness and composition homogeneity of the grown epilayers but, unfor- 
tunately, excludes the possibility of growing patterned structures, which is 
often required in the technology of present-day electronic devices. 
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The second zone in the MBE vacuum reactor is the mixing zone, where 
the molecular beams intersect each other. Little is known at present about the 
physical phenomena occurring in this zone. This results from the fact that 
usually the mean free path of the molecules belonging to the intersecting 
beams is so long that collisions and other interaction between the molecules 
of different species do not occur there. 

Epitaxial growth in MBE is realized in the third zone, i.e., on the substrate 
surface. A series of surface processes are involved in MBE growth; however, 
the following are the most important: 

(i) adsorption of the constituent atoms or molecules impinging on the 
substrate surface, 

(ii) surface migration and dissociation of the adsorbed molecules, 

(iii) incorporation of the constituent atoms into the crystal lattice of the 
substrate or the epilayer already grown, 

(iv) thermal desorption of the species not incorporated into the crystal 
lattice. 

These processes are schematically illustrated in Fig. 7.4. The substrate 
crystal surface is divided there into so-called crystal sites with which the 
impinging molecules or atoms may interact. Each crystal site is a small part 
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Fig. 7.4. Schematic illustration of the surface processes occurring during epilayer 
growth by MBE (taken from [7.1]) 
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of the crystal surface characterized by its individual chemical activity. A site 
may be created by a dangling bond, vacancy, step edge, etc. [7.3]. 

The surface processes occurring during MBE growth are characterized by 
a set of relevant kinetic parameters that describe them quantitatively. The 
arrival rate is described by the flux of the arriving species, which gives the 
number of atoms impinging on the unit area of the surface per second. For 
MBE growth of compound semiconductors, the required fluxes are typically 
between 10^^ and 10^° atoms m“^ s“^ [7-2]. 

The atoms arriving at the substrate surface will generally have an en- 
ergy distribution appropriate to the temperature of their place of origin. In 
the case of MBE being considered this will most frequently be the effusion 
cell temperature T^. After arrival at the substrate surface, which has a tem- 
perature Ts, usually lower than T^, the atom may reevaporate immediately, 
carrying with it an energy corresponding to temperature Tg. The impinging 
atoms may, however, also exchange energy with the atoms of the substrate 
until they are in thermodynamic equilibrium at Tg. The quantitative de- 
scription of this process is possible by defining the thermal accommodation 
coefficient as 



(T. - Tg) 

{Ti-TsY 



(7.2) 



Clearly, when Tg is equal to Ts the accommodation coefficient is unity. 
Thus, it emerges as a measure of the extent to which the arriving atoms reach 
thermal equilibrium with the substrate [7.4]. It is important to differentiate 
between the accommodation coefficient defined above and the sticking coef- 
ficient s. The latter is defined as the ratio of the number of atoms adhering 
to the substrate surface A/’adh to the number of atoms arriving there ATtot- 



s = 



A^adh 

A^tot 



(7.3) 



There are two types of adsorption. The first is physical adsorption, of- 
ten called physisorption, which refers to the case where there is no electron 
transfer between the adsorbate and the adsorbent, and the attractive forces 
are van der Waals type. The second is chemisorption, which refers to the 
case when electron transfer, i.e., chemical reaction, takes place between the 
adsorbate and the adsorbent. The forces are then of the type occurring in 
the appropriate chemical bond. In general, adsorption energies for physical 
adsorption are smaller than for chemical adsorption. 

It is obvious that for these two kinds of adsorption different sticking co- 
efficients can be defined. According to the definition of the chemisorption 
process the sticking coefficient Sg for the chemisorbed phase may be depen- 
dent on crystallographic orientation of the substrate surface, as well as on 
the nature and spatial distribution of atoms already adsorbed on this surface. 
Physisorption, on the other hand, generally shows little or no dependence on 
the surface site arrangement. Consequently, the sticking coefficient Sp for the 
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physisorbed phase may be taken to be independent of the local environment, 
i.e., of the orientation and coverage of the substrate surface. 

It is experimentally well documented [7.3] that crystal growth in MBE 
in many cases in which molecular species are involved, proceeds through 
a two-step condensation process in which the molecular species reach the 
chemisorbed state via a precursor physisorbed phase. A possible version of 
the condensation process via the precursor state may be sketched as 







where A^, and Ac represent the adsorbate in the gas, precursor and 
chemisorbed states, respectively. The rate constants kc and kd apply to con- 
densation and desorption of the adsorbate in the precursor state, and kag{0) 
is the rate constant for conversion from the precursor state to the chemisorbed 
state. The conversion rate is assumed to be proportional to g{0)^ the proba- 
bility of having suitable vacant sites in the chemisorbed state, where 0 is the 
surface coverage counted in monolayers. 

This model implies that if the site visited by the molecule in the precursor 
state is occupied by a chemisorbed species, the molecule is allowed to diffuse 
over the surface with a rate constant /cdiff to another site. 

The interaction potentials due to the surface, seen by an incoming 
molecule perpendicular to the surface, for chemisorbed and precursor states, 
are shown schematically in Fig. 7.5. It is evident from this figure that the 
molecule adsorbed in the precursor state has to overcome a lower barrier 
when it is subsequently chemisorbed at the surface, than in the case when 
it re-evaporates into the vacuum, because Ea < Edp [7.1]. The illustrated 
situation is a special example; a variety of other potential configurations can 
also exist. 

The most important task for the MBE crystal grower is a proper ad- 
justment of the growth temperature. The low-temperature limit for MBE to 
occur is defined by surface migration processes. Below some limiting temper- 
ature Tl the deposited film will not longer be crystalline. MBE occurs near 
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Fig. 7.5. The interaction potential due to the surface, as seen by a molecule im- 
pinging perpendicularly to the surface for chemisorbed (curve 1) and physisorbed 
(curve 2) states (taken from [7.1]) 



Tl when the surface migration rate, multiplied by some weighting factor 
relevant for the density of appropriate lattice sites on the surface (of the sub- 
strate or the already grown epilayer), exceeds the deposition rate [7.5]. The 
high-temperature limit of MBE, T//, is defined by the balance between ad- 
sorption and desorption processes, which results from thermodynamic phase 
equilibrium relations [7.6]. 

For an example of experimental procedures leading to the determination 
of the MBE temperature window, the reader may be referred to the data 
given in [7.7] for Cdi_xZnxTe (0<x<l) compounds grown on GaAs sub- 
strates. Simultaneous reflection mass spectrometry (REMS), laser interfer- 
ometry (LI), and refiection high-energy electron diffraction (RHEED) mea- 
surements of the sticking parameters for the constituent elements of these 
II- VI semiconductor compounds are reported there. By these measurements 
the reactivity of the surface to incoming cation elements (Zn, Cd) both in the 
absence and in the presence of the anion element (Te) at the initial growth 
stages of CdTe on ZnTe/GaAs and ZnTe on GdTe/ZnTe (3 monolayers) /GaAs 
substrates as well as GdZnTe on these substrates have been evaluated. These 
studies have allowed the determination of the MBE window and the under- 
standing of the effects of strain and surface composition at different growth 
temperatures lying in the range between Tl and T/f. It has been found that 
the MBE temperature window for the investigated compounds was equal to 
AT = Th - Tl = 370°C - 300°G= 70°G. Only in the case of the growth of 
GdZnTe on ZnTe, we do have AT = 90°G, with Th = 410°G. 
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7.1.2 Evaporation Sources 

In effusion cells used in SSMBE, the source material is held in condensed 
phase in an inert crucible which is heated by radiation from a resistance 
heated source. A thermocouple is used to provide temperature control (see 
Fig. 6.2) [7.1], 

Conventionally the heater is a refractory metal wire wound noninductively 
either spirally around the crucible or from end to end and is supported on 
insulators or inside insulating tubing. Care is taken to place the thermocouple 
in a position to give realistic measurement of the cell temperature. This is 
either as a band around a midposition on the crucible or spring loaded to 
the base of the crucible. Experience has shown that Ta is the best refractory 
metal both for the heater and for the radiation shields, principally because 
it is relatively easy to outgas thoroughly, is not fragile after heat cycling, can 
be welded, and has a reasonable resistivity [7.8]. Where temperatures exceed 
150° C refractory materials should be used, as metallic impurities (Mn, Fe, Cr, 
Mg) have commonly been observed in layers grown in systems where stainless 
steel is heated. It is also important that the refractory metal is of high purity 
(> 99.9%) and has a low oxygen content. The insulator material has proven to 
be even more critical. Sintered alumina (AI2O3) proved to be unsuitable for 
this task; degraded optical and transport properties in grown layers have been 
associated with the use of this material. In a series of modulated beam mass 
spectrometry experiments it was clearly shown that at temperatures as low 
as 850° C, AI2O3 was reduced when in contact with a refractory metal, and at 
temperatures above 1100°C significant dissociation of the ceramic occurred. 
In addition, metallic impurities were often found in layers when this material 
was present in the source, presumably associated with a volatile impurity 
species. 

The preferred insulating material now used for sources is pyrolytic boron 
nitride (PBN), which can be obtained with impurity levels <10 ppm. Al- 
though dissociation of this material does occur above 1400°C, the nitrogen 
produced has not yet been shown to have a deleterious effect on the grown 
layers. 

The preferred crucible material is also PBN, although other materials 
have been successfully employed (notably ultrapure graphite [7.9] or sapphire 
[7.10] for high-temperature evaporation and quartz for temperatures below 
500° C), and there is now some interest in the use of nonporous vitreous car- 
bon, which is available with < 1 ppm total impurity level. Graphite, however, 
is difficult to outgas thoroughly and is by nature porous, with a large surface 
area, thus making it susceptible to gas adsorption when exposed to the atmo- 
sphere. Also, A1 reacts with graphite at the usual A1 evaporation temperature 
(> 1100°C) and so PBN is normally used as the crucible for this metal, but 
not without some problems [7.9]. Aluminum tends to “wet” the crucible in- 
ternal surface and also moves by capillary action through the growth lamellae 
of the PBN crucible. When the liquid A1 solidifies on cooling, the subsequent 
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contraction can often crack the PBN crucible. To overcome this limitation 
in crucible lifetime, it has been found that if only small quantities of A1 are 
loaded into the crucible (viz., one-tenth the total crucible capacity) wetting 
is incomplete and the crucible does not break. A more practical solution is 
to position a second A1 crucible inside the main one and replace this crucible 
when it is damaged or before significant leakage has occurred. It is also pos- 
sible to fabricate a PBN crucible with a double skin of differing expansion 
coefficients specifically for A1 evaporation, which then operates in a similar 
manner to the two separate crucibles but with obviously improved thermal 
properties. 

The standard thermocouple material employed for the sources is W-Re 
(5% and 26% Re). These refractory alloys are suitable for operation at ele- 
vated temperatures and are inert to the reactive environment present. Mul- 
tiple radiation shields surround each furnace to improve both temperature 
stability and thermal efficiency. Radiation heat transfer, however, is still not 
negligible at high temperatures and the shields themselves can become sec- 
ondary centers for the generation of extraneous gases. To this end, gas-tight 
radiation heat shielding is also used around the cell orifice to restrict the range 
of angles over which these gases can reach the substrate by a straight-line 
path. 

Effusion cells designed as specified above have an operating temperature 
range of up to 1400°C, which makes possible short out-gassing sequences at 
1600°C. Although these temperatures are more than adequate for the com- 
mon III-V materials, in practice most cells are limited to operating temper- 
atures < 1200°C, which is only just within the range of that required for Ga, 
Al, and Si (as a dopant source) evaporation. This is because of out-gassing 
problems caused principally by the large temperature difference between the 
heater and the actual temperature of the charge in the cell (up to 300° C 
at 1200° C). In order to reduce this effect recent cell designs employing a 
much larger radiation surface heater area have been developed (see Fig. 6.2). 
An important feature of this design is the application of high efficiency, self- 
supporting tantalum radiant heater elements. Together, these elements make 
a large area radiation heater assembly capable of high temperature operation. 
Thus, the crucible runs at a temperature close to that of the foils. The need 
of ceramic insulators is minimized because the heater foils are almost entirely 
self-supporting. This means less outgassing and reduced contamination dur- 
ing the MBE growth. The low thermal mass results in quick response to cell 
temperature adjustments. A spring-loaded W-Re thermocouple provides tem- 
perature monitoring and control. The whole cell has an integral water-cooled 
surround, effectively thermally isolating it from the surroundings. 

Water cooling is considerably more efficient at dissipating heat than liquid 
nitrogen, which boils if heat is directly radiated onto the cryopanel surface. 
Intermittent hot spots can occur where the nitrogen gas forms an insulating 
barrier. Avoiding these hot areas of stainless steel of which the cryopanel 
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is made prevents irregular outgassing, which can cause contamination of the 
films to be grown. For crucible materials high-purity graphite, vitreous carbon 
or PBN have been used in the VG Semicon cell (Fig. 6.2). The exit orifices 
of the crucibles are large, so that the cell is a nonequilibrium effusion source. 

One consequence of the large exit orifices now employed in the source cells 
used in SSMBE is that the radiation heat loss can be significant when the 
beam shutter is opened. This can result in a temperature drop at or near the 
orifice. In the worst situation the source material condenses at the end of the 
cell and reduces the exit orifice dimensions, thus changing the flux intensity. 

Flux transients in MBE growth limit film reproducibility and are an in- 
convenience to the MBE user. These transients can be reduced by the use 
of partially filled crucibles so that the influence of the charges on the radia- 
tive shielding provided by the shutter are reduced. This approach, however, 
is impractical as the reduced charge limits machine operation between cell 
recharging. An interesting crucible arrangement with little or no flux tran- 
sient has been proposed by Maki et al. [7.11, 12]. It involves a large volume 
crucible (40 cm^) with a conical insert. Figure 7.6 shows the proposed cru- 
cible assembly and a geometrical construction for constant melt area as seen 
from the substrate position. Within the cone angle a nearly constant melt 
area is obtained, while outside this angle poor beam uniformity results from 
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Fig. 7.6. (a) Diagram of the crucible assembly of Maki et al. [7.11], designed 
as a Ga source and used in the Varian GEN II MBE system, (b) The geometric 
construction for constant melt area as seen at the substrate position. The diagram 
is not drawn to scale and is in a vertical orientation for clarity (taken from [7.1]) 
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a shadowing by the crucible lip. The small flux transient observed from this 
cell reflects a more stable melt temperature. This is attained both as a result 
of the melt location deep in the furnace and through the additional radiation 
shielding provided by the crucible insert. 

The described effusion cells have been used mainly for growing III-V com- 
pounds. When materials with high vapor pressure have to be grown, the cell 
construction is usually changed. For growing CdTe and related compounds, 
a fused quartz cell with a special collimating tube has been designed [7.13], 
while for growing Cd and Zn II- VI compounds a high-rate nozzle effusion cell 
was proposed. The most difficult among the II- VI compounds, from the MBE 
point of view, are, however, the Hg-based compounds (HgTe, Hgi_xCdxTe or 
Hgi_xZnxTe) [7.1], which are very important for infrared techniques [7.14]. 
This is based on the fact that the evaporation of these compounds is highly 
noncongruent. The effusion cell needs a special design, because a very high 
Hg atom flux is necessary to maintain the growth conditions for these com- 
pounds. 

The equilibrium vapor pressure of Hg is 2x10“^ torr at 300 K, so the Hg 
cell cannot be left in the growth chamber either during bakeout or prior to 
the growth, and consequently a transferable Hg effusion cell which can be 
loaded into the growth chamber through a vacuum interlock should be used. 
Figure 7.7 shows an example of a Hg cell used in SSMBE. This is the cell 
of Harris et al. [7.15], which provides an extremely stable flux of Hg during 
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Fig. 7.7. Mercury vapor source used in SSMBE (taken from [7.15]) 
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film growth over long periods of use. This source is refillable without disturb- 
ing the UHV ambient of the growth chamber, and is capable of generating 
vapor flux densities as large as 10~^ torr (this is the so-called beam equiva- 
lent pressure, BEP) at the substrate during film growth. The source consists 
of two Hg reservoirs and a heated tube separated by two UHV valves. The 
Hg source is attached to a UHV Conflat flange which mounts to the MBE 
growth chamber source flange. All internal surfaces of the Hg source are con- 
structed of stainless steel. These surfaces are surrounded by solid aluminum 
heat sink material to provide good temperature stability. The temperature 
of the heated tube and the internal Hg reservoir are measured with platinum 
resistance thermometers and controlled with precise temperature controllers 
(e.g., made by the Eurotherm company). Platinum resistance thermometers 
are used rather than thermocouples because of their increased sensitivity over 
the temperature range employed (T = 100-200° C). To All (or refill) the Hg 
source, the internal Hg reservoir is first evacuated to UHV and then the valve 
between the reservoir and MBE chamber is closed. Next, Hg is introduced 
into the larger external reservoir through the All port. The valve between the 
two reservoirs is then momentarily opened so that Hg fills the internal reser- 
voir. In this way, Hg is transferred to the internal reservoir with minimum 
oxide contamination. As can be seen in Fig. 7.7, the modified Hg source is a 
one-channel circular effusion cell. 

Cracker cells are used in SSMBE mainly for producing dimeric arsenic 
molecules (AS 2 ) from elemental charges. The phosphorus-containing com- 
pounds are at present most frequently grown by gas source MBE, where 
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Fig. 7.8. (a) Schematic sketch of a typical arsenic cracking cell used in SSMBE, 
and (b) measured relative abundances of As 2 and As 4 molecular species in the 
beams generated by the cell shown in (a) (taken from [7.1]) 
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cracking processes are performed in gas leak sources [7.1] (see Sect. 7.2.1). 
The temperatures for efficient cracking of the AS4 or P4 beams to dimers have 
been calibrated by modulated beam mass spectroscopy experiments and are 
typically within the range 800- 1000° C for 100% dissociation of both AS4 
and P4. When designing the cracker region of the dissociation cell, similar 
rigorous precautions concerning the choice of refractory materials and heater 
construction should be taken as with conventional effusion cells. Any signifi- 
cant heat transfer between the hot zone (the cracking zone) and the effusion 
cell region should also be avoided, otherwise uncontrolled evaporation could 
occur. A schematic illustration of a cracking cell for AS4 is shown in Fig. 7.8, 
together with some characteristics concerning the abundances of the dimeric 
and tetrameric species, respectively. 

Instead of supplying energy by resistance heating, as in the case of the 
effusion cells, described so far, the gas particle beams for MBE may also be 
generated with sources heated by electron bombardment or by laser irradi- 
ation. This is favorable because the interactions between the evaporant and 
the source walls may be greatly reduced in this way. Two examples of such 
sources are presented in Figs. 7.9 and 7.10. 
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Fig. 7.9. Electron bent-beam heated silicon source used in SSMBE of silicon and 
silicon related compounds (taken from [7.16]) 
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Fig. 7.10. Schematic drawing of a laser heated Hg source applied in SSMBE for 
crystallization of HgCdTe compound epilayers with complex composition profiles 
(taken from [7.17]) 



7.2 Gas Source MBE 

Introduction of gas sources into the arsenal of tools available for MBE techno- 
logy was stimulated by considerable difficulties met in growing semiconduc- 
tors with P and As anions as constituents of ternary or quaternary com- 
pounds like, e.g., GaxIni_xAsyPi_y. The difficulty of As/P beam intensities 
ratio control, especially at high intensity levels [7.15], and considerable tech- 
nical problems with rapid change-over of As and P beams, have led to the 
introduction of gaseous sources, ASH 3 and PH 3 , to MBE technology. The hy- 
drides were first used in MBE in 1980 by Panish [7.18], and then by Calawa 
[7.19] for the growth of GaAs and GalnAsP. 

Since the initial work on gas source MBE (GSMBE) by Panish et al. 
[7.18-21], Tsang [7.22,23] and Tokumitsu et al. [7.24,25], it has become 
clear that the use of gas sources for cracking of ASH 3 and PH 3 does in fact 
permit a degree of control that makes possible the epitaxy of ternary and 
quaternary compounds on InP substrates, with dimensional precision similar 
to that achieved by conventional SSMBE for AlxGai_xAs/GaAs heterostruc- 
tures [7.26]. 

In the infancy state of the GSMBE using hydride sources, standard effu- 
sion cells have been used for generation of elemental Al, Ga, and In beams. 
Thus, this kind of GSMBE, also called hydride source MBE (HSMBE) [7.27], 
still retained the disadvantages of SSMBE. The change of the elemental 
group-III flux intensity with time and its distribution over the cell depend- 
ing on the consumption of source charge inside the effusion cell, the surface 
defects generated from the use of elemental Ga source, and the need to open 
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the UHV growth chamber to air when solid source materials are depleted, 
belong to the most serious disadvantages of this growth technique. 

Modifications of the GSMBE process [7.18], mostly by involving the use 
of organometallic gas sources [7.23,28], considerably enhanced the usefulness 
of the gas source method, not only for growing III-V compounds but also for 
growing II- VI compounds [7.29]. For the modification of GSMBE that uses 
organometallic gas sources the names chemical beam epitaxy (GBE) [7.22, 23] 
and Metal Organic MBE (MOMBE) [7.24,25] have been introduced. In what 
follows we will use exclusively the name MOMBE [7.1]. 



7.2.1 Beam Sources Used in GSMBE 

Gas sources were introduced to the UHV thin film growth technique as early 
as in 1974 by Morris and Fukui [7.30]. They used arsine (ASH 3 ) and phos- 
phine (PH 3 ) cracked in a boron nitride cracker tube at 800° C as arsenic and 
phosphorus sources for growing GaAs and GaP films on Si substrates. 

Two types of crackers may be distinguished [7.26,31-33]; one that cracks 
the hydrides at pressures in the range of hundreds of torr 10^ Pa), called 
high pressure gas sources (HPGS), and the second that cracks them at pres- 
sures that are in the range of several torrs 10^ Pa), the low pressure gas 
sources (LPGS). These are illustrated in Fig. 7.11. 

The HPGS has two stages of cracking. At the usual operating tempera- 
ture of 900° G, ASH 3 and PH 3 are expected, on the basis of thermodynamic 
equilibrium, to decompose to form the tetramers AS 4 and P 4 plus H 2 under 
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Fig. 7.11. Arsine and phosphine gas crackers: (a) high pressure gas source, and 
(b) low pressure gas source (taken from [7.26]) 
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Fig. 7.12. Cutaway illustration of the hydride gas source used in the V80H MBE 
deposition chamber. Four inlet lines and the pyrolytic boron nitride cracker assem- 
bly are shown [Courtesy of VG Semicon (top) and ISA Riber (bottom)] (taken from 

[7.1]) 



the pressure conditions in the alumina cracking tube illustrated in Fig. 7.11a. 
These species then diffuse through a small leak in the alumina tube into 
the low pressure portion of the cracker where further thermal cracking to 
dimers occurs. Because it is presumed that the HPGS will yield species as 
expected from thermodynamic equilibrium, that cracker has been referred to 
as a thermodynamic cracker [7.31]. 

The LPGS is a catalytic cracker (Fig. 7.11b), used mostly when group III 
organometallics are involved in the GSMBE processes. What is significant is 
that both types of crackers can yield primarily dimeric species under proper 
experimental conditions [7.1]. 

Gaseous sources designed for the GSMBE systems by VG Semicon Gom- 
pany and by ISA Riber, respectively, are shown in cutaway illustrations in 
Fig. 7.12 [7.1]. The group V hydrides source has a cracking zone held at 900- 
1000° C. It has several introduction lines, which permit several gases to be 
introduced into the same cell, thus giving high compositional uniformity, both 
in space at the output of the cell and in time, due to precise fiow regulation 
control. The VG Semicon source has four independent inlet lines, while the 
ISA Riber source has five inlets. 

Organometallic gas sources are gas injectors and do not require any crack- 
ing zone as shown in Fig. 7.13. The VG Semicon source has four independent 
gas inlet lines with micromachined orifices. The gas flows into a PBN conical 
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Fig. 7.13. Cutaway illustration of the organometallic gas source showing three of 
the four independent gas lines, the pyrolytic boron nitride mixing zone and the 
integral heater [Courtesy of VC Semicon (top) and ISA Riber (bottom)] (taken 
from [7.2]) 



crucible with perforated baffle plates to ensure thickness and compositional 
uniformity. An integral heater (< 100° C) ensures that the gas does not con- 
dense in the cell. The gas is then decomposed at the substrate wafer surface. 

The ISA Riber source has five independent low pressure gas inlet lines. 
The gases are mixed in the cell flange for compositional uniformity. They 
then flow through a quartz crucible and are directed towards the substrate 
through a quartz diffuser, ensuring high flux uniformity at the substrate sur- 
face. The source has an outgassing facility (750° C) and preheating capability 
(50° C) with sufficient precision to avoid organometallic condensation and 
decomposition. 

To ensure the precision and stability of the gas flow demanded by the GS 
MBE process, the gas handling system of a MBE machine using gas sources, 
instead of effusion sources, is specially designed. Each gas inlet line has an as- 
sociated independent control system comprising a number of isolation valves 
which control gas inlet, gas outlet, gas exhaust, bypass and isolation. All 
control units are mounted in a gas cabinet which is easily connected to the 
laboratory vent system and scrubber. A dedicated exhaust pumping system is 
configured for fast, safe gas exhaust and ease of servicing. A vacuum trapped 
rotary pump forms the basis of the system with the addition of a dedicated 
turbomolecular pump. 
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7.2.2 Metal Organic MBE 

MOMBE combines many important advantages of MBE and MOVPE [7.34] 
and advances epitaxial technology beyond both these techniques. In MOVPE, 
the gas pressure in the reactor is between 10^ and 1 Pa. As a result, the 
transport of the reactant gases is by viscous flow. If the pressure is further 
reduced down to 10~^ Pa, the gas transport becomes a molecular beam. Hence 
the process evolves from vapor deposition to beam deposition. If the thin film 
deposited is an epitaxial layer, the process is called MOMBE, which can use 
exclusively metal organic gas sources. 

Unlike MBE, which employs beams (e.g., Al, Ga and In) evaporated at 
high temperature from elemental sources, in MOMBE the sources are gaseous 
or they are charged with reactants (solid or liquid) that have sufficiently high 
vapor pressure that they produce gaseous beams, without significant heating 
above room temperature. Al, Ga and In are derived by the pyrolysis of their 
organometallic compounds, e.g., trimethylaluminum (TMAl), trimethylgal- 
lium (TMGa), and trimethylindium (TMIn), at the heated substrate surface. 
As 2 and P 2 are obtained by thermal decomposition of their hydrides passing 
through a heated baffled cell. Unlike MOVPE, in which the chemicals reach 
the substrate surface by diffusing through a stagnant carrier gas boundary 
layer above the substrate, the chemicals in MOMBE are admitted into the 
high vacuum growth chamber in the form of a beam. 

Gomparing with conventional MBE, the main advantages of MOMBE 
include [7.22]: 

(i) the use of group III organometallic sources that are solids or liquids 
which exhibit sufficiently high vapor pressure that they do not need 
to be heated significantly above room temperature, which simplifies 
multiwafer scale-up; 

(ii) semi-infinite source supply and precision electronic flow control with 
instant flux response (which is suitable for the production environ- 
ment); 

(iii) a single group III beam that guarantees material composition unifor- 
mity; 

(iv) no oval defects even at high growth rates (important for integrated 
circuit applications). 

Comparing with MOVPE, the advantages of MOMBE include: 

(i) no flow pattern problem encountered in multiwafer scale-up; 

(ii) beam nature produces very abrupt heterointerfaces and ultrathin lay- 
ers conveniently; 

(iii) clean growth environment; 

(iv) compatibility with other high vacuum thin-film processing methods, 
e.g., metal evaporation, ion beam milling, and ion implantation. 
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Fig. 7.14. Gas handling system and growth chamber with in situ surface diagnostic 
capabilities incorporated into a MOMBE system (taken from [7.23]) 



A gas handling system with precision electronic mass flow controllers is 
used in MOMBE for controlling the flow rates of the various gases admitted 
into the growth chamber as shown in Fig. 7.14. Hydrogen is used here as the 
carrier gas for transporting the low vapor pressure group-III organometal- 
lic compounds. Separate gas inlets are used for group-III organometallics 
and group- V hydrides. A low-pressure arsine (ASH 3 ) and phosphine (PH 3 ) 
cracker with a reduced input pressure of 3x10^ Pa is maintained on the high 
pressure side of the electronic mass flow controller. To avoid material con- 
densation, the manifold is warmed up to 40° C. The cracking temperature 

is ~ 920° C. Decomposition of arsine and phosphine into arsenic, phospho- 
rus, and hydrogen may be routinely achieved as observed with an in situ 
residue gas analyzer [7.23,28]. In earlier studies on MOMBE of III-V com- 
pounds [7.35] group V alkyls were thermally decomposed after mixing with 
H 2 . Though these alkyls are safer than hydrides, their purity at present is 
rather insufficient. Hence, hydrides are preferred. 

TEGa maintained at 30° C, TMIn at 25° C, and TMAl at 25° C are used. 
The TEGa, TMIn and TMAl flows are combined to form a single emerging 
beam impinging line-of-sight onto the heated substrate surface. This auto- 
matically guarantees composition uniformity [7.35]. The typical growth rates 
are 2-3 pmh“^ for GaAs. 4-6 pm h“^ for AlGaAs, 3-5 pmh~^ for Gain As, 
and 1.5 - 2.5 pm h“^ for InP. Such growth rates are higher than those typically 
used in conventional MBE growth processes. 
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7.2.3 Hydride Source MBE 

Following the evident success of MOMBE in growth of III-V and II- VI com- 
pound heterostructures, hydride source MBE (HSMBE) has been demon- 
strated to be very promising for epitaxial growth of heterostructures made 
of the SiGe/Si material system [7.36]. For the application to Si large-scale- 
integrated (LSI) device fabrication processes, the conventional SSMBE [7.1] 
exhibits several disadvantages. Micron-size oval defects, which come from the 
use of a molten elemental Si source belong to the most fatal effect for LSI 
application, which is characteristic for this technology. The low throughput 
due to source exchange and the difficulty of selective-area epitaxial growth 
are also problems. 

The remedy for these problems has been found by introducing to the Si- 
LSI technology the HSMBE with Si-hydride gaseous sources. Moreover, using 
phosphine and/or arsine gas source crackers, the difficulty of the rate control 
of P and As doping of Si has become considerably diminished [7.27]. 

In the epitaxial growth techniques using gaseous sources, e.g., MOVPE, 
two kinds of reactions should be considered. One is the reaction in the vapor 
phase and the other is the reaction on the substrate surface. In the case of 
HS MBE, and in general in all of the modifications of the GSMBE technique, 
only the latter reaction contributes to the growth process. This is so because 
the pressure in the growth chamber is low enough (p < 10~^ Pa) for exclud- 
ing vapor phase reactions. In high vacuum, which is the environment for the 
GSMBE process, the mean free path of gaseous reactants exceeds the effec- 
tive length of the growth chamber. In this case, for gaseous molecules, the 
probability of collisions with the substrate is much larger than that of colli- 
sions with other gaseous molecules in the gas phase. In this respect, GSMBE, 
and thus also HSMBE, is defined as a growth process which proceeds only 
by surface reactions. 

In HSMBE the source gas molecules move in the growth chamber from the 
gas inlet along the line-of-sight toward the substrate surface. In the case of 
Si-MBE, usually the source molecules consist of Si and hydrogen atoms. For 
example, SiH 4 , Si 2 He, and Si 3 Hg are candidates for the source gas for Si epi- 
taxial growth [7.27]. Because the thermal decomposition of these molecules 
does not occur in the gas phase, the source molecules should decompose on 
the substrate surface leaving there free Si atoms, in order to produce epitax- 
ial growth of the Si film. Finally, the remaining parts of the source molecules 
(hydrogen atoms) should desorb from the surface. This means that dissocia- 
tive adsorption followed by hydrogen desorption are the key growth steps in 
group IV HSMBE [7.37]. 

A typical apparatus for group IV HSMBE consists of a main growth 
chamber, a sample loading chamber, and a subchamber with the gas mixing 
facility for source gas flow control [7.27]. The base pressure in the growth 
chamber is 10“^ Pa. For Si and Ge growth, Si 2 He and GeH 4 are used as 
source gases, respectively. This is because Si 2 Hg has a much larger sticking 
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Fig. 7.15. A schematic illustration of the principle of the gas mixing system for 
dopant-gas flow control in the Si-HSMBE (taken from [7.27]) 



coefficient on Si substrates than SiH 4 [7.38]. Hence, a larger growth rate is 
achieved with Si 2 He [7.39]. B and P doping are achieved by using 5% B 2 H 6 
(diluted by H 2 ) and 5% PH 3 (diluted by H 2 ) gas sources, respectively. 

Basically, the growth rate and doping concentrations are in HSMBE pro- 
portional to the flow rates. Hence, precise control of the flow rate is required. 
Especially for doping, a wide range of carrier-concentration control between 
10^^ and 10^^ cm“^ is required for device fabrication. This means that the 
doping gas flow should be controllable over a five-decade range [7.27]. For 
this purpose, a specially designed gas mixing system [7.40] has to be used 
in the MBE growth apparatus. The system is illustrated in Fig. 7.15. Basi- 
cally, it consists of three mass flow controllers (MFC) and a buffer chamber 
evacuated by a turbomolecular pump (TMP). In the figure, MFCl controls 
the doping-gas flow rate and MFC2 controls the buffering gas. Because each 
MFC controls the flow rate over a two-decade range, the doping-gas con- 
centration at the buffer chamber can be changed over a four-decade range. 
From the buffer chamber, a part of the buffered doping gas is introduced into 
the growth chamber through MFC3, and the remainder is evacuated by the 
TMP. The evacuation of the remaining gas keeps the absolute doping gas 
concentration in the buffer chamber constant. With this system, control of 
the boron doping concentration over a five-decade range has been achieved 
[7.40]. 

One of the great advantages offered by Si-HSMBE is the selective-area 
epitaxial growth of Si on Si 02 patterned Si substrates. This growth mode 
could be achieved due to the different sticking coefficients of Si 2 Hg on Si and 
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Fig. 7.16. Selective-growth condition in Si-HSMBE, with disilane as the Si gas 
source, as functions of the growth temperature and the molecular beam intensity. 
Open circles indicate no polycrystalline-Si grows on the Si02 surfaces, while at 
conditions indicated by crosses, polycrystalline-Si growth does occur on the Si02 
surfaces (taken from [7.27]) 



Si 02 . Si growth epitaxially only on the bare Si areas of the substrate, while 
no Si growth is observed on Si 02 - As usual in MBE, this growth mode is 
achieved only in a definite temperature window. In Fig. 7.16, an example of 
these favorable conditions is illustrated as a function of substrate temperature 
and the Si 2 H 0 fiow rate [7.27]. One may recognize that high temperature and 
large flow rate tend to be unfavorable for selective-area growth. 

The transition from selective to non-selective growth occurs suddenly. 
This abrupt transition suggests that it is caused by critical-nuclei formation 
on the Si 02 surface. SiH^ adsorbates migrate on the oxide surface. They 
occasionally collide with each other and nucleate. From the balancing of the 
surface and volume energies, the total energy of the nucleus has a maximum 
at a critical size [7.41]. Hence, when the size of a nucleus exceeds the critical 
one, it rapidly grows and the selectivity of the Si growth disappears. In fact, 
all the unfavorable conditions for selectivity are explained by this argument. 
The large flow rate enhances the probability of critical-nuclei formation on the 
oxide surface, because more Si atoms impinge on this surface in unit time. The 
high substrate temperature also enhances the probability of critical nucleation 
through the increase of the surface migration length of the adsorbed Si atoms. 
Therefore, to keep the selectivity of the Si growth, nuclei on the oxide surface 
should always be removed before their size exceeds the critical size. For this 
purpose, addition of halogen etching gas to the source gas is effective [7.27]. 
One more problem related to selective-area growth of Si by HSMBE is facet 
formation. Si(lll), Si(311) and Si (511) faceting surfaces are observed at 
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the SiO2/epitaxial-Si(100) grown film boundary. This effect causes severe 
problems when HSMBE has to be applied to device fabrication. The key 
to solve the faceting problem is to select special growth conditions in the 
so-called reaction-limited regime [7.27]. 

Finally, in this section, the Sii_xGCx alloy growth using HSMBE is con- 
sidered. This alloy is an attractive material for band-gap engineering with Si, 
because its band gap is smaller than that of Si. However, Ge has a 4 % mis- 
match in lattice constant to Si. Hence, commensurate Sii_xGCx alloy growth 
by HSMBE is indispensable for device application of the SiGe/Si heterostruc- 
tures. 

GeH 4 and Si 2 He are used in this case of HSMBE as source gases for Ge and 
Si, respectively. The Ge concentration can be controlled by changing the flow 
rate ratio of both of the reactants. However, at smaller Ge concentrations, 
below 30%, the concentration is approximately proportional to the GeH 4 
flow rate, at fixed Si 2 H 6 flow rate [7.42]. 

Selective epitaxial growth of Sii_xGex can also be achieved with HSMBE 
growth on Si02 patterned Si substrates. The reason for the successful selec- 
tive epitaxial growth is the same as that for Si homoepitaxial-layer selective 
growth. However, faceting at the SiGe/Si02 boundary is due to its low surface 
energy. The facet at the Si/Si02 boundary disappears during the growth in 
the reaction-limited regime, whereas the facet at a SiGe/Si 02 boundary still 
remains even during growth in this regime. The suppression of the faceting 
effect at the SiGe/Si 02 boundary requires a microscopic understanding of 
the mechanism by which the alloy faceting surface energy can be controlled 
[7.27]. 

7.3 Growth Techniques Using Modulated Beams 

Among the presently known modifications of MBE, the group of growth tech- 
niques based on the pulsed mode of supplying the reactant species to the 
substrate or the growing epilayer surface (modulated-beams operation mode 
of MBE) play a special role. This is so because all of these techniques lead 
to perfect layer-by-layer growth through surface controlled kinetic processes. 
Thus the growth is not source controlled (like in conventional MBE) but 
should be treated as surface controlled [7.1]. 

Atomic layer epitaxy carried out in an ultrahigh vacuum environment 
(UHV ALE) became the first representative of this group [7.43]. Later on, 
phase-locked epitaxy (PLE) [7.44], Molecular Layer Epitaxy (MLE) [7.45], 
and migration enhanced Epitaxy (MEE) [7.46] have been demonstrated as 
other growth techniques belonging to the same group of MBE modifications 
[7.47]. We will shortly discuss here the basic features of these growth tech- 
niques with modulated beams, which are most frequently used at present (see 
also Sect. 6.3.1). 
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7.3.1 Ultrahigh Vacuum Atomic Layer Epitaxy 

In discussing UHV ALE we will take as an example the growth peculiarities 
of CdTe, the first ever compound grown by ALE epitaxially [7.43,48]. The 
used CdTe substrate surfaces were the polar (111) A and (lll)B, Cd and Te 
rich surfaces, respectively. The deposition timing scheme for this growth pro- 
cedure is shown in Fig. 7.17, and the key conceptual steps associated with 
the growth by UHV ALE are illustrated in Fig. 7.18, following a model pro- 
posed by Herman et al. [7.49]. This model is indeed for the growth of CdTe 
on CdTe(lll) substrates however, it may be considered as quite general for 
UHV ALE because CdTe may be treated as nearly ideal for studying the 
mechanism of this growth process [7.50]. 

The model includes (i) the existence of transition layers of both Cd and 
Te species intermediate between the crystalline (well-ordered) substrate or 
epilayer phase and the gaseous, non-ordered phase created by the impinging 
beams (or the residual gas of the UHV chamber in the dead time of the ALE 
timing scheme), and (ii) partial reevaporation of the first chemisorbed mono- 
layer of the deposited constituent elements [7.51]. The transition layers, also 
called near surface transition Layers (NSTL), create reaction zones several 
monolayers thick near the substrate surface, where the atoms or molecules are 
weakly bound to the solid surface, so that they may readily migrate over the 
surface, become incorporated into the crystal lattice of the growing epilayer, 
or thermally desorb into the UHV environment [7.48,51]. It should be em- 
phasized that in the NSTL relevant to the UHV ALE (they are created only 
by one of the constituent elements of the binary compound to be grown), two 




Fig. 7.17. Deposition timing scheme of ALE growth of CdTe in aUHV environment 
(taken from [7.1]) 
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Fig. 7.18. Schematic illustration of the key conceptual steps associated with the 
growth of CdTe epilayers by UHV ALE. Here “substrate” means the single crys- 
talline bulk substrate wafer and the already-grown epilayer (taken from [7.1]) 



different regions may be distinguished, as in the NSTL occurring in SSMBE 
(the transition layer is created by all constituents of the compound to be 
grown). Adparticles belonging to different regions of the ALE-relevant tran- 
sition layer are bound to the crystalline surface with different bonds. The first 
monolayer, chemisorbed with covalent bonds, creates the first region, nearest 
to the substrate (Fig. 7.18). Atoms of this monolayer are much more strongly 
attached to the surface than the adparticles of the other monolayers of the 
deposited element [7.52]. Those monolayers next nearest to the substrate 
create the second region of the transition layer. The adparticles of this region 
are attracted by Van der Waals forces (this corresponds, for example, to ph- 
ysisorption of anion molecules), or by relatively weak chemical interactions 
(this corresponds to multilayer chemisorption by bonds characteristic of the 
bulk phase of the pure constituent element of the compound to be grown). 

The principal technological parameter in UHV ALE is the substrate tem- 
perature during the growth process. Its value should be high enough to break 
all bonds attracting the adparticles belonging to the second region of the 
ALE-relevant transition layer, and thus to cause the thermal desorption of 
these adparticles during the dead time shown in the deposition timing scheme 
in Fig. 7.17. However, this temperature should be low enough to preserve the 
chemical bonds of the first monolayer, and thus to cause the growth of the 
compound as “layer of the first element-by-layer of the next element” [7.48]. 
Thus, again a temperature window exists for the MBE growth, here in its 
UHV ALE modification. 
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A characteristic feature of UHV ALE is the possibility of partial desorp- 
tion of the first chemisorbed monolayer if the dead time is too long. This 
desorption, indicated on the scheme shown in Fig. 7.18, is a consequence of 
the UHV environment in which the growth process is performed (see, for 
example, the Langmuir adsorption isotherms relating the surface coverage 
of a given solid to the gas pressure at a given temperature [7.53]). In con- 
clusion, one has to consider the UHV ALE as not a self-regulatory process, 
which is opposite to atmospheric-pressure ALE (see Sect. 6.3.1). This means 
that timing and dosing in the deposition cycle play a crucial role in this 
process. Thus, UHV ALE has to be precisely designed when smooth and 
flat layers in an atomic scale have to be gown. The smoothest surface mor- 
phology is obtained in UHV ALE when the growth proceeds in an exactly 
two-dimensional layer-by-layer mode. This happens, however, only if the de- 
posited atoms of the constituent elements build up exactly one complete 
monolayer by the end of the respective dead times in the deposition cycle. 
If this so-called “one-monolayer coverage criterion” [7.54,55] is not satisfied 
during the UHV ALE process, three-dimensional growth may occur, causing 
surface roughness. Consequently, an understanding of the nature of the NSTL 
occurring in sequential deposition processes of the constituent elements of the 
grown epilayers seems to be fundamental for successful handling of UHV ALE 
[7.56,57]. 

The main body of the papers published on UHV ALE concerns binary 
semiconductor compounds [7.57], which results from the fact that the growth 
process becomes much more complicated when a ternary or quaternary semi- 
conductor compound has to be grown [7.58]. One of the crucial problems in 
the growth of ternary compounds by UHV ALE is the selection of such a 
growth procedure (timing and dosing in the ALE cycle) which assures the 
desired composition of the grown compound. Especially important is the case 
of compounds consisting of incongruently evaporating elements. An example 
of such a compound is Cdi_xMnxTe (0 < x < 1), a diluted magnetic semicon- 
ductor. In this material system the vapor pressures of the constituents are 
equal to: 1.33 Pa for Cd, 8.34 x 10“^ Pa for Te and 1.76 x 10“^^ Pa for Mn, 
at the temperatures of 270° C, typical for UHV ALE of CdTe [7.59]. In other 
words, during a cycle of evaporation in the ALE process excess Cd and Te 
atoms reevaporate from the substrate surface while Mn tends to stick still on 
this surface. Therefore a special mode of evaporation is needed when growing 
Cdi_xMnxTe. 

The first successful attempt of growing Cdi^x^nxTe by UHV ALE [7.59] 
concerned epilayers with fairly low content of Mn (x < 0.3) grown on p-type 
CdTe(lll)B single crystal substrates. Later on, after this report, the results 
of UHV ALE growth of Cdi_xMnj^Te with (0 < x < 0.9) were published [7.60]. 

Another interesting example of ternary compounds concerns Cdi_x2'nxTe, 
which exhibits nearly equal equilibrium pressures of the constituent elements. 
The first ever UHV ALE growth of this compound was reported in 1997 
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Fig. 7.19. Deposition timing scheme in UHV ALE of Cdi_xAxTe (A = Zn, Mn) 
used for studies on the growth processes of these compounds (taken from [7.58]) 



[7.61]. The deposition timing scheme used in the performed UHV ALE 
growth experiments of the ternaries Cdi_xAxTe (A = Zn, Mn) is shown 
schematically in Fig. 7.19. 

The fundamental data concerning the growth kinetics in UHV ALE of 
the ternaries Cdi_xAxTe (A = Zn, Mn) studied by reflection mass spectrom- 
etry (REMS) and reflection high energy electron diffraction (RHEED) are 
presented and discussed in [7.61,62]. 

7.3.2 Migration Enhanced Epitaxy 

A slight modification of UHV ALE, in which no dead-time in the deposition 
timing was introduced, has been demonstrated for low-temperature growth 
of GaAs and GaAs-AlAs quantum well structures by Horikoshi et al. [7.46]. 
They named this modification migration enhanced epitaxy (MEE). 

The idea of the pulsed mode of supplying reactant species of the growing 
epitaxial film to the substrate has been introduced to the MBE technology 
of HI-V semiconductor compounds by Kawabe et al. [7.63,64], as a new 
method of composition control for the AlxGai_xAs compounds. This idea 
was later applied to GaAs in the growth techniques named molecular layer 
epitaxy [7.45]. 

In MEE the interruption of arsenic supply to the growing surface dur- 
ing Ga or Al supply is essential to the surface migration enhancement of 
the metallic surface adatoms. Therefore, Ga or Al atoms and arsenic were 
alternately supplied to the GaAs substrate surface in order to obtain metal- 
stabilized surfaces. The typical switching behavior of AS 4 and Ga beam in- 
tensity, as measured by an ionization gauge placed at the substrate holder 
position in the growth chamber, is shown in Fig. 7.20. Bearing in mind the 
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Fig. 7.20. Beam intensity changes for Ga and As 4 species caused by shutter oper- 
ation characteristic of MEE (taken from [7.46]) 
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Fig. 7.21. RHEED specular beam intensity oscillation during growth of GaAs for 
conventional MBE growth (a) and for MEE growth (b) (taken from [7.46]) 



response time of the ionization gauge amplifier, the observed response in- 
dicates that the beam intensities change very quickly following the shutter 
operation. 

It has been observed experimentally that the MEE growth process pro- 
ceeds in a layer-by-layer mode [7.65]. This can be seen when recording the 
RHEED specular beam intensity oscillation during MEE. In Fig. 7.21, a com- 
parison of the MEE results with those obtained for conventional MBE growth 
of GaAs on GaAs(OOl) substrates at the temperature of 580°C, is presented. 
In both cases the same beam flux intensities of Ga and of AS 4 , respectively, 
have been used. In conventional MBE growth, the RHEED oscillations almost 
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completely disappear after about 20 periods because the surface smoothness 
on the atomic scale deteriorates. In contrast, the oscillations continue during 
the entire layer growth process when the MEE method is applied. This result 
indicates that a better surface smoothness is maintained during MEE even 
after the growth of thousands of layers. Most probably this is caused by the 
rapid migration of Ga atoms on the substrate surface in a very low arsenic 
pressure environment. 

The amplitude of the RHEED pattern intensity oscillation in MEE is 
closely related to the amount of Ga atoms supplied to the growing surface 
per unit cycle, i.e., the amplitude is maximum when the number of Ga atoms 
per cycle is equal to the number of surface sites available for the migrating 
Ga atoms. This fact is consistent with the “one-monolayer coverage crite- 
rion” found earlier in UHV ALE of CdTe [7.54]. It also means, that low- 
temperature growth of GaAs by MEE is possible if the growth conditions 
are selected for MEE, which satisfy the demand of this criterion [7.65]. The 
high quality of GaAs epilayers grown at 200°C, and of an AlAs-GaAs double 
quantum well structure grown at 300° C with MEE was confirmed by pho- 
toluminescence measurements during the first demonstration of this growth 
technique [7.46]. 

MEE was later successfully applied by Salokatve et al [7.66] for reduc- 
tion of surface oval defects in GaAs grown in a two-step process. They have 
shown that if a thin GaAs buffer layer is deposited by supplying alternately 
Ga atoms and AS4 molecules to a GaAs substrate, prior to further growth by 
MBE, the density of oval defects in the final layer is reduced reproducibly by 
a factor of 7, from about 490 to 70cm~^, when compared with that obtained 
using MBE alone under closely similar conditions. The improved surface mor- 
phology produced by the pulsed beam method (the MEE growth mode) was 
ascribed to the two-dimensional layer-by-layer growth characteristic of MEE. 

The same group has also demonstrated that MEE may cause beneficial 
effects in MBE growth of GaAs on Si substrates [7.67]. They grew GaAs films 
on Si(lOO) substrates using a two-step growth process of a 300°C GaAs buffer 
layer (by MEE) followed by a layer grown at 600° C by conventional MBE. 
The films were examined by Rutherford backseat tering and X-ray diffraction 
methods. A significant reduction in the defect density near the GaAs/Si in- 
terface and in the bulk of these films was observed when the buffer layer was 
deposited by supplying alternately Ga atoms and AS4 molecules to the sub- 
strate, rather than applying conventional MBE. More information concerning 
the growth mechanism of MEE may be found in [7.68-74]. 

7.3.3 Molecular Layer EpitcLxy 

Molecular layer epitaxy (MLE) is a thin film growth method using the chemi- 
cal reaction of adsorbates on the semiconductor surface, where gas molecules 
containing one element of the compound semiconductor are introduced al- 
ternately not continuously as in gas source MBE into the growth chamber 
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[7.45,75-77]. GaAs MLE using ASH 3 as an As source and TMGa as a Ga 
source was first demonstrated by Nishizawa et al. [7.45]. Later, instead of 
TMGa, TEGa was used as the Ga source, resulting in higher quality of epi- 
taxial layers at lower growth temperature. An excimer laser which operated 
with ArF (A = 193 nm), KrCl (A = 222 nm), KrF (A = 249 nm), XeCl (A 
= 308 nm), or XeF (A = 350 nm) or a high pressure Hg lamp was used as 
the light source for substrate (growing layer) irradiation during growth with 
MLE. A schematic diagram of the experimental setup used for MLE with 
photostimulation facilities is shown in Fig. 7.22, and the changes of the gas 
pressure in the deposition chamber during the gas admittance cycles are 
shown in Fig. 7.23. 

In the first ever experiments on MLE [7.45] the growth conditions, de- 
fined by admittance pressure of the reactants and the growth temperature, 
have been optimized experimentally by measuring the film thickness per de- 
position cycle as a function of reactant gas pressure (Fig. 7.24) and substrate 
temperature, and determining the conditions which guarantee one monolayer 
coverage in each cycle. The lower growth temperature obtained when GaAs 
is grown from TEGa and ASH 3 results from the fact that the binding energy 
of C 2 H 5 -Ga in TEGa is lower than the binding energy of CH 3 -Ga in TMGa. 

The MLE process may be considerably improved when using other As- 
sources, but not arsine. It has been demonstrated [7.79] that the tempera- 




Fig. 7.22. Schematic diagram of the experimental setup used in the early MLE 
studies with photostimulation of the surface growth reactions: (1) excimer laser, 
(2) light beam chopper, (3,4) mirrors, (5) lamp housing, (6,7) quartz windows, (8) 
high pressure Hg lamp, (9) quartz plate, (10) growth chamber, (11) quartz sample 
holder, (12) substrate, (13,14) gas admittance nozzles, (15) sapphire window, (16) 
pyroscope, (17) temperature controller, (18) gate valve, (19) pumping unit (taken 
from [7.78]) 
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Fig. 7.23. The pressure in the deposition chamber during the gas admittance cycles 
of MLE growth of GaAs from TMGa and AsHs sources. This periodic admittance 
mode is repeated up to the desired film thickness (taken from [7.45]) 





(a) (b) 



Fig. 7.24. Experimental determination of the growth conditions for MLE of GaAs 
from TMGa and AsHs by measuring the film thickness per deposition cycle as a 
function of (a) TMGa, and (b) AsHs pressures at a substrate temperature of 500° C 
with the admittance mode shown in Fig. 7.23 (taken from [7.78]) 



ture range for MLE using TEGa is substantially expanded when arsine is re- 
placed with an alkyl- As, namely, tris-dimethylamino-arsenic (As(N(CH3)2)3). 
In MLE using TMGa, tertiarybutylarsine has been utilized as the As-source, 
which has resulted in more effective surface reaction kinetics in the self- 
limiting growth regime of GaAs. 
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7.4 Externally Assisted MBE 

In many cases of MBE, external agents are used in order to improve the 
growth processes. This concerns mainly material systems which require spe- 
cial growth conditions different from conventional MBE conditions, so far de- 
scribed. Here the silicon-based and nitride-based semiconductor compounds 
as well as organometallics can be mentioned as examples. As external agents, 
which influence the surface kinetic processes leading to epitaxial growth in 
MBE, the following are most frequently applied: (i) irradiation with light of 
different spectral ranges, (ii) activation of reactants by plasma , and (iii) ion 
beam assisted growth and doping. All of the externally assisted MBE growth 
techniques have been described and discussed in detail in [7.1]. Here, for the 
sake of brevity, we will consider only a few examples. 

7.4.1 Irradiation with UV Light in MLE of GaAs 

The effect of substrate irradiation with UV light during films growth by 
MLE has been studied by Nishizawa et al. in 1985 [7.45,78]. The results 
may be summarized in general by stating that UV irradiation during MLE 
greatly improves the surface morphology (Fig. 7.25) as well as the electrical 




Fig. 7.25. Surface morphology of GaAs epitaxial films prepared by MLE on the 
GaAs(lOO) surface without irradiation (a) and with KrF (249 nm) irradiation (b) 
and on the GaAs(lll)B surface without irradiation (c) and with Hg lamp irradia- 
tion (d) (taken from [7.78]) 
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Table 7.1. Electrical properties of GaAs films prepared by MLE and photoassisted 
MLE from TMGa and AsHa under the same gas admittance conditions (taken from 
[7.45]) 
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properties of the films (Table 7.1). These effects have been ascribed to en- 
hanced chemical decomposition [7.81] and enhanced surface migration [7.78] 
of adsorbates caused by UV light irradiation. It has been suggested that the 
essential migrating species is a Ga complex adsorbate like Ga(CH 3 )x but not 
the As complex. Experimental evidence has been presented that the irra- 
diation effects do not result from surface reactions promoted by increased 
electron-hole pair generation during the irradiation process. 

The mechanisms of energy transfer from the photons to the crystal sur- 
face during the growth processes are difficult to identify. One possibility is 
to measure the electrical properties of the grown films, namely the Hall mo- 
bilities and carrier concentrations (Table 7.1). The following experimental 
results have been obtained: 

(i) Irradiation (A = 249 nm) synchronized with TMGa admittance (see 
Fig. 7.23) increases the impurity level in the GaAs layer grown with 
MLE at optimal growth conditions, while synchronization of the irra- 
diation with AsH 3 admittance causes a decrease in the impurity level, 
which is, however, still higher than that obtained without irradiation. 

(ii) Irradiation synchronized with admittance pauses (dead times) causes 
an intermediate impurity level lower than in the case of TMGa syn- 
chronization, but higher than in the case of ASH 3 synchronization. 

These results demonstrate that some of the reaction or migration steps were 
indeed separately enhanced by irradiation, which is evidence that the light 
irradiation effect is not only that of annealing, even if there are some heating 
effects [7.82]. 

7.4.2 Ion- Assisted Doping in Si-MBE 

In conventional MBE technology intentional doping is achieved by co-deposi- 
tion, which means that the dopant species are generated thermally in effusion 
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cells and delivered to the growing film surface together with the beams of 
constituent elements of the film. The rate of doping is defined by suitable 
selected impingement rate of the neutral atomic or molecular doping species. 
In many cases, however, doping of MBE grown films may be achieved more 
effectively with better control of the incorporation rate of the dopant atoms, 
by applying ionized particle beams. 

Doping using ionized particle beams may be performed either as a post- 
growth process, realized usually with focused high energy (about 100 keV) ion 
beams in a separate processing chamber of the MBE growth system (doping 
by ion beam implantation), or as an in-growth process, realized with low 
energy ion beams (0.1-3keV). Here, we will discuss only the latter doping 
procedure. 

Two modes of in-growth doping may be distinguished, i.e., the direct im- 
plantation mode and the secondary implantation mode. In the case of direct 
implantation, the low energy ion beam of dopant atoms is deposited on the 
substrate surface simultaneously with the neutral beams of the constituent 
elements. Thus, the dopant atoms are continuously incorporated into the 
growing crystal lattice of the film. Neither surface reevaporation nor surface 
segregation of dopant atoms is present during this growth-and-doping process 
[7.83]. The secondary implantation mode is based on a recoil process. The 
dopant-atom beam is generated thermally in an effusion cell and deposited 
on the substrate prior to the beginning of epitaxial growth of the layer to 
be doped. After a submonolayer of adsorbed dopant atoms has been formed 
on the substrate surface, the constituent element beams, of which at least 
one consists of ionized atoms, are allowed to impinge on the substrate, which 
causes the start of MBE growth. The substrate is electrically biased dur- 
ing growth by application of a potential of 0.1 -IkV, negative in relation to 
the electrically grounded beam sources. Consequently, the ionized atoms of 
the constituent element beam are accelerated towards the growing film sur- 
face. At this surface the ions collide with the accumulated dopant adatoms, 
knocking a fraction of them a short distance into the layer. Buried below the 
surface of the epilayer the dopants can no longer segregate or re-evaporate 
[7.83]. There are two reasons why in-growth ion implantation is employed to 
introduce intentionally impurities into the MBE-growing films. The first is 
an accurate control of the doping levels of those dopant species which exhibit 
strong surface segregation, e.g., antimony in silicon. The second reason is that 
in order to obtain doping levels higher than 10^^cm“^, the sticking proba- 
bility of dopants needs to be increased. However, in the case of Zn in GaAs 
there is no other way of introducing the doping element atoms into the MBE 
growing film than ion implantation, because the sticking coefficient of neu- 
tral Zn atoms is zero at MBE growth temperatures of GaAs [7.84-86]. The 
use of direct implantation for in-growth doping has been extended to other 
HI-V compounds like, e.g., GaP^As^-i doped with Nj [7.87]. However, it 
has become especially useful in MBE of Si and related compounds [7.83] 
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Fig. 7.26. Carrier concentration in Sb-ion-doped Si films as a function of Sb^/Si 
flux ratio. Dashed line indicates 100% Sb-doping efficiency (taken from [7.89]) 



doped with As'^ [7.88] or Sb“^ [7.89]. An example of accurate control of the 
Sb doping level over the range 10^^ - 10^^ cm“^ by using an Si-MBE growth 
procedure with Sb"^ ion in-growth implantation is shown in Fig. 7.26. This 
figure presents the experimental data concerning the relationship between the 
carrier concentration in the Si MBE-grown films and the Sb“^/Si flux ratio at 
a substrate temperature of 860° C. It can be seen that the number of incor- 
porated Sb dopant atoms is proportional to the Sb“^/Si flux ratio over four 
decades. The dashed line in this figure represents 100% doping efficiency. The 
doping efficiency achieved with Sb+ by in-growth ion implantation is two or- 
ders of magnitude greater then that for evaporation doping by co-deposition. 



doping by secondary implantation 




-lOOV 

Fig. 7.27. Schematic illustration of the principle of doping by secondary implanta- 
tion. The adsorbed Sb neutral atoms are implanted by recoil momentum from Si^ 
ions impinging on the growing film surface. The incorporation depth is only some 
atomic distances in the film lattice (taken from [7.92]) 
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Fig. 7.28. Schematic illustration of the Si-MBE growth system used for growth 
of modulation doped Si/SiGe strained layer superlattices with in-growth secondary 
implantation of Sb dopants (taken from [7.92]), 



This increase in doping efficiency is most probably caused by the relative 
high kinetic energy of the accelerated dopant ions (130- 1000 eV) [7.89]. 

The secondary implantation technique [7.90-92] has been introduced in 
order to diminish the effect of surface segregation tendency of the doping Sb 
atoms during Si MBE growth. The idea of this technique, described above, is 
illustrated in Fig 7.27, while the schematic drawing of the Si-MBE growth sys- 
tem in which secondary implantation has been achieved is shown in Fig. 7.28. 

After growing a nonintentionally doped buffer layer of Si, Sb atoms were 
deposited during MBE growth by opening the Sb cell shutter. This estab- 
lishes an Sb adsorption layer, leading to doping in the 10^® cm~^ range by 
spontaneous incorporation. After switching-on the substrate voltage Si"^ ions 
are accelerated towards the substrate resulting in a considerable increase of 
dopant concentration by three orders of magnitude from about 10^^ cm“^ up 
to 10^^ cm“^. A carrier concentration profile in the grown film, as evaluated 
by spreading resistance measurements, is shown in Fig. 7.29. The observed 
exponential decrease of the carrier concentration to 10^^ cm“^ is caused by 
the loss of dopant adatom density by incorporation into the bulk of the film. 

A slightly modified version of the secondary implantation technique (with- 
out any pre-growth deposition of dopant atoms) has been introduced by Ku- 
biak et al. to Si MBE technology under the name potential-enhanced doping 
(FED) [7.93]. 
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Fig. 7.29. Carrier concentration 
versus layer depth evaluated by 
spreading resistance. The growth 
temperature was 650° C. The pro- 
gram of the Sb cell shutter operation 
and the applied substrate voltage is 
given in the upper part of the figure 
(taken from [7.90]) 



7.4.3 Plasma- Assisted MBE Growth 
of GaN and Related Compounds 

Band-gap engineering in the range of 3.4- 6.2 eV can be achieved either by 
solid solutions or by layered structures of GaN and AIN [7.93]. The lattice 
constant mismatch between AIN and GaN is 3.5%, thus layered structures, 
e.g., multiquantum well structures of these two materials, may be used for 
producing low-dislocation density GaN-and-AlN devices. 

AlN/GaN layered structures with layer periods between 1.5 and 40 nm 
have been grown on (0001) oriented sapphire and on 6H-SiC substrates by 
the plasma- assisted MBE technique [7.93]. Standard effusion cells were used 
as sources of A1 and Ga, and a small, MBE compatible electron cyclotron 
resonance (ECR) plasma source was used to activate the nitrogen gas prior 
to deposition. The design and performance of such an ECR plasma source 
has been described in [7.94]. 

ECR plasma sources provide a denser plasma compared to radio frequency 
(RF) or conventional microwave sources and operate over a much larger pres- 
sure range. These sources use a magnetic field that simultaneously causes 
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Fig. 7.30. Cross-sectional view of a small ECR plasma source used for deposition 
of III-V nitrides. The numbered elements are: 1 - 50 i? coaxial feedthrough; 2 - 
plasma cavity; 3 - 50J7 coaxial line; 4 - microwave antenna; 5 - boron nitride 
insulator; 6 - gas input; 7 - electromagnets Ml, M2, and M3; 8 - stainless-steel 
shall; 9,10 - front conflat flanges, and 11,12 - outlet and inlet for cooling water. 
Black points represent welded joints (taken from [7.94]) 



electrons to move in circular orbits and confines the plasma. When the or- 
bital frequency of the electrons, / = eB/(27rme), equals the frequency of 
2.45 GHz, resonance occurs when the magnetic field density equals 87.5 mT 
(875 Gs) [7.94]. The cross-sectional view of the small ECR plasma source used 
for deposition of III-V nitrides at low temperatures (400- 600° C) in a MBE 
environment, using molecular nitrogen, is shown schematically in Fig. 7.30. 
For another design of a MBE compatible ECR plasma source, see [7.95]. 

The MBE growth experiments on GaN/AlN layered structures [7,93] have 
shown that one of the most important parameters in III-V nitride epitaxy 
is the state of the nitrogen species generated by the ECR source. High ECR 
microwave powers coupled with large nitrogen background pressures result 
in films with inferior electrical and structural properties, caused by energetic 
ion damage, as determined by Hall and X-ray diffraction measurements, re- 
spectively. On the other hand low nitrogen background pressure leads to 
films with Ga droplets, indicative of reactive nitrogen deficiency. Under op- 
timum, experimentally determined growth conditions encompassing nitrogen 
over-pressure, growth temperature, magnetic field intensity, and ECR power, 
GaN films of 1 juim thickness with n-type electrical conductivity and quality 
comparable to the best films obtained by MOVPE can be grown by the de- 
scribed plasma-assisted MBE technique [7.93]. A lot of other investigations 
on plasma-assisted MBE growth process of HI-V nitrides have been per- 
formed [7.96-99] (see also Sect. 15.2.1). An exhaustive review on GaN based 
HI-V nitride MBE plasma-assisted growth is given in [7.100,101]. Commer- 
cialization of light-emitting optoelectronic devices for the blue and UV spec- 
tral ranges still stimulate considerable interest in HI-V nitrides, which has 
caused an enormous publication activity on this subject by many research 
laboratories all around the world. 
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MBE and MOVPE are the main epitaxial methods used today. For a long time 
MOVPE was thought to be more of a production instrument while MBE was 
the scientific tool. This happened because MBE could be dealt with straight- 
forwardly with the available surface science know-how while MOVPE was 
subject to the poor knowledge of the underlying chemistry, hydrodynamics 
and moreover surface analytical tools were not available. This situation has 
changed and both methods can be utilized for growing structures well defined 
on the atomic level. There are differences however which give preference to 
one of the methods for certain problems. Because of the large variety of chem- 
ical compounds for example MOVPE is essentially capable of depositing all 
solids while MBE with some elements (phosphorus, nitrogen) is problematic. 
On the other hand diffusion in MOVPE seems to be in general faster with 
the consequence of larger growth rates and thus the growth of very small 
structures (quantum dots) requires larger effort in MOVPE than in MBE. 
The larger possible growth rates together with the quasi-infinite supply of 
precursors makes MOVPE of course the ideal method for very thick layers 
in the micrometer regime and also for industrial production. Therefore the 
question of which of the methods should be used should be answered problem 
oriented. 

There are many excellent reviews on MOVPE and we specifically recom- 
mend also looking through the recent proceedings of the International Con- 
ference on MOVPE (ICMOVPE) [8.1-5] which give an excellent overview 
on the state of art of MOVPE. In this chapter we will follow the reviews of 
Stringfellow [8.6], Kisker and Kuech [8.7] as well as Richter and Zahn [8.8]. 



8.1 Basic Concepts 

The MOVPE process starts with a gas mixture which contains the molec- 
ular compounds, termed precursors, necessary for growth, and a carrier gas 
(Fig. 8.1). The latter is usually hydrogen (for special reasons also nitrogen), 
with an operating pressure between 10^ Pa and atmospheric pressure (10^ 
Pa). For reasons of uniform deposition usually nowadays low pressures are 
preferred. This is a consequence of the more laminar fiow pattern and the 
more homogeneous temperature field within the reactor (Sect. 6). The choice 
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Fig. 8.1. Schematic picture of a MOVPE epitaxial growth process using the ex- 
ample of GaAs growth (taken from [8.8]) 



of precursors depends on the material to be deposited. For III-V semiconduc- 
tors the standard precursors are, for example, metalorganic compounds of the 
group III elements, like trimethylgallium (Ga(CH3)3) (in abbreviated form 
TMGa), and hydrides of the group V elements, e.g., arsine (ASH3). Thus, 
the general chemical reaction in the case of MOVPE of III-V semiconductor 
compounds is of the type: 

A"'R3 + B’^Xs ^ -h organic by-products, (8*1) 

where R is an alkyl or other organic group, X is usually a hydrogen atom, 
but can also be an organic radical or even a halogen atom, and A^^^ and 

are the cation and anion, respectively [8.7]. Depending on R and X, the 
by-products can be simple alkanes or more complicated species. In fact, for 
most MOVPE reactions, relatively little is known about the reaction details, 
so that (8.1) only schematically represents the actual process. Because of 
many undesired properties of the alkyls and hydrides, however, new organic 
compounds (“alternative precursors”) are tested today for replacement [8.8]. 

The gas mixture is fed into an open reactor where the heated substrate 
is placed as shown in Fig. 8.1. Many designs for MOVPE reactors have been 
proposed, tested, and are in use. The goal of such development work is the 
homogeneity of properties such as thickness, stoichiometry, and carrier con- 
centration across the whole substrate surface. 

One common design, which is mostly used in research laboratories, is the 
horizontal, cold wall reactor displayed in Fig. 8.2, where, however, quite often 
the substrate is rotating and heating is either done by an RF coil around the 
reactor or radiation heated from the bottom. Typical gas-dynamic operating 
conditions in such a reactor are a laminar flow and gas velocities in the range 
from 0.1 to lms“^. In growth processes which operate far from thermal 
equilibrium, as is the case for the decomposition of metalorganic compounds, 
only the substrate but not the reactor walls are heated in order to avoid 
decomposition and subsequent deposition onto walls. As a consequence only 
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Fig. 8.2. Simplest realization of a horizontal cold wall reactor for gas phase epi- 
taxial growth (taken from [8.8]) 



the gas in a region close to the substrate is heated (thermal boundary layer) 
and large temperature gradients are created in the reactor (see Fig. 6.18). 
Within this region gas phase reactions (homogeneous reactions) and reaction 
at the gas-solid interface (heterogeneous reactions) take place leading under 
appropriate conditions to epitaxial growth of semiconductor layers. 

Two main factors determine the growth rate, as can be seen from Fig. 8.3 
which outlines the various steps leading to growth. One is given by the gas 
phase transport (mass transport) of the precursors or their reaction prod- 
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reactions 



solid 



Fig. 8.3. Schematic diagram of sequential steps relevant to VPE growth processes, 
and thus also to the MOVPE process (taken from [8.8]) 
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Fig. 8.4. Schematic plot of the chemical potential within the four regions defined in 
Fig. 8.3. The chemical potential difference between the source and the solid drives 
the transport and the interface reactions (taken from [8.8]) 



nets, containing the growth relevant atoms, to the interface. The other is 
determined by the reactions near or at the interface converting the precursor 
molecules into group III or V atoms, and their incorporation into the lattice 
structure of the solid. Both can be recognized by their very different temper- 
ature dependencies. In the pressure range of 10^ to 10^ Pa mass transport can 
be described within the gasodynamic formalism and is governed by convec- 
tion and diffusion. Near the substrate the convective flow is essentially zero 
and diffusion will be dominant. Since the diffusion constant is only weakly 
temperature dependent in the range of typical growth temperatures (800 to 
HOOK) a weak temperature dependence is expected also for the transport 
contribution to the growth rate. For the chemical reactions taking place near 
or at the interface the reaction rates with their exponential factors should 
yield a strong exponential temperature dependence. These two temperature 
dependencies are observed when either one of the two contributions is the 
rate limiting step. 

Rate limitation is explained in Fig. 8.4 where the change of chemical po- 
tential between source and the solid is shown schematically. The total differ- 
ence in chemical potential is the driving force for the growth. In the general 
case the chemical potential is partly consumed for the transport as well as 
for the reactions at the interface. In case the transport is fast the potential 
will drop mainly at the interface and growth is called reaction or kinetically 
limited. This situation occurs at low temperatures and large partial pressures 
of the precursor. Just the temperature then determines the growth rate which 
displays exponential behavior following from the reaction rates (region 1 in 
Fig. 8.5). At high temperatures and low partial pressures the reactions are 
fast and the mass transport is the limiting factor. 
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Fig. 8.5. Schematic diagram showing (a) the three main regimes of temperature 
dependence of the growth rate in MOVPE and (b) the MOVPE growth rate of 
GaAs versus temperature for two different partial pressures (taken from [8.8]) 



The corresponding temperature independent growth rate is shown in re- 
gion 2 of Fig. 8.5. A decreasing growth rate is finally observed generally at 
very high temperatures (region 3). This could be expected from desorption of 
the growing species from the surface. In reality it might be caused also from 
an enhanced pre-deposition on the reactor walls or on the susceptor because 
of an extended temperature increase throughout the reactor. These tempera- 
ture dependencies have been indeed observed for GaAs in temperature ranges 
where either one of these factors was the limiting one, i.e., the slowest step 
(Fig. 8.5). Exponential behavior is found at low temperatures and high pres- 
sures (reaction limited or kinetically controlled growth); temperature inde- 
pendence is found at higher temperatures and low pressures (mass transport 
controlled growth). At the highest temperatures finally either desorption or 
pre-deposition might decrease the growth rate. The difference between curves 
a and b in Fig. 8.5 displays the dependence of the diffusive mass transport 
on total pressure. At lower pressure the mean free path is larger and thus an 
increase of the growth rate with decreasing total pressure is observed. 

In the mass transport limited case the growth rate shows a linear depen- 
dence on group III element supply to the reactor [8.8,9] (case 2 in Fig. 8.6). 
Nearly all III-V semiconductor compounds are usually grown under these 
conditions [8.7]. However, at very high partial pressures and/or at lower tem- 
peratures the growth rate may saturate because the supply of reactants to 
the surface is larger then what can be incorporated by the interface reaction 
processes (case 1 in Fig. 8.6). 
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Fig. 8.6. Schematic MOVPE growth 
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(taken from [8.9]) 



8.2 Growth Equipment 

In order to compete with MBE growth, much effort has been made in the 
last few decades to control the hydrodynamics of MOVPE reactors in order 
to match the homogeneity and control found in MBE growth. One of the 
main problems found was the creation of convective flows driven by the large 
temperature gradients present in cold wall reactors. As a consequence un- 
predictable flow pattern and transport occurred. The main reason for this, 
besides nonfavorable geometries, were the high total gas pressures which in- 
creased the buoyancy force (proportional to the density) and caused for ex- 
ample vortices in the flow. Many reactor designs were tested with respect 
to their flow patterns, temperature distributions and homogeneity of deposi- 
tion. All these problems had been essentially solved or were strongly reduced 
when the operating pressure was decreased from atmospheric pressure to val- 
ues below lOOmbar because of the lower density. Moreover, care was taken to 
avoid abrupt changes of reactor cross-section which may stimulate non lam- 
inar flow as well as decreasing the reactor height which reduces the Rayleigh 
number, the figure of merit for thermally driven convection. 

8.2.1 Commercial MOVPE Reactors 

Three reactor types are commonly in use today. One is the horizontal reac- 
tor already shown in Fig. 8.2 which is used mainly in research or small scale 
growth and is either RF or radiation heated. For larger scale growth and in 
production the vertical rotating disk reactor [8.10] and the planetary reactor 
[8.11] are the ones used nowadays nearly exclusively. Both reactors employ 
substrate rotation in order to achieve uniform growth. The general hydrody- 
namic features discussed in Sect. 6.2.2 with the aim of a uniform boundary 
layer hold for both these as well. This means a total pressure considerably 
below 1 bar (lOOmbar), sufficiently large flow rates and a carrier gas with 
low thermal conductivity. Similarly only small advantages for upside down 
mounting are obtained which might not compensate for the more difficult 
sample mounting. We will discuss both reactors here briefly and show espe- 
cially the effects of substrate rotation. 
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Vertical Rotating Disk Reactor. This reactor type (Figs. 8.7-8.10) con- 
sists of a disk rotating around a vertical axis with a speed in the order of 
1000 rpm. The disk holds the substrate(s) on its upper surface. The gas inlet 
is from the top. As can be seen from the streamline visualization (Fig. 8.8) 
the rotation forces the streamlines parallel to the susceptor surface. The ef- 
fect of different rotation frequencies on streamlines and temperature profiles 
can be seen in Fig. 8.7. 

The realization of such a reactor system with a preparation chamber and 
a load lock is shown in schematic and in total view in Figs. 8.10, 8.11. 




Fig. 8.7. Vertical rotating disk reactor: Effect of susceptor rotation on streamlines 
(right side) and isotherms (left side) (a) 600 rpm, 4SLM, (b) 2400 rpm, 4 SLM, (c) 
1200 rpm, 8 SLM. Centerline (r = 0) growth rates (a) 1.8 pmh“^, (b) 3.5 pmh“^ (c) 
3.1 pmh“^. Carrier gas hydrogen, total pressure lOOmbar, susceptor temperature 
900 K (SLM: standard liters per minute, rpm: rotation per minute) (taken from 
[ 8 . 10 ]) 




Fig. 8.8. Smoke visualization of 
flow lines in a vertical rotating 
disk reactor (with courtesy from 
Emcore) 



Fig. 8.9. Relative growth rate as a function 
of radial position for an inlet flow rate 4 SLM 
and different speeds of rotation (taken from 
[8.10]) 
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Fig. 8.10. Construction of a commercial vertical rotating disk reactor (with cour- 
tesy from Emcore) 




Fig. 8.11. Total view of a commercial vertical rotating disk MOVPE reactor (with 
courtesy from Emcore) 
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Planetary Reactor. The alternative route to very uniform deposition taken 
in commercial MOVPE reactors is the planetary reactor developed by Frijlink 
[8.11]. The design in the reactor (Fig. 8.12) consists of a rotating substrate 
holder (2) and rotating substrates (4). They are lifted and rotated by a gas 
foil. The rotational frequencies are around 0.5 Hz and 5 Hz for the main plate 
and the substrates, respectively. The reactants enter from the top (9,10), their 
flow directions given by the arrows. Rolls are suppressed even at atmospheric 
pressure by proper design of the geometry of the ring where the substrates 
are placed and a cylindrical entrance grating (12) which provides a uniform 
stable distribution of gases. 

The radial distributions of various relevant physical parameters are given 
in Fig. 8.13. The streamlines (b), the isotherms (c) and the Ga isobars (d) 
show excellent uniformity above the substrate region, a fact which is re- 




Fig. 8.12. Construction scheme of the planetary reactor. The in (9, 10) and out 
(15) flow of the reactants is indicated by arrows. The substrates in off-center position 
(4) on the substrate platform (2) as well as the substrate platform rotate. Both are 
supported by a gas foil which also provides the rotation (taken from [8.11]) 



(a.uj 





Fig. 8.13. Top: calculated radial de- 
pendence of thickness for two different 
carrier gas flows. Left (top to bottom): 
calculated cross-sectional maps for veloc- 
ity, streamlines, temperature and partial 
pressures for Ga and As, respectively, 
(taken from [8.11]) 
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sponsible for the high uniformity in growth rate (Fig. 8.13). Levels in the 
sub-percent range can be reached. 

An example of a mass-production compatible growth system produced by 
the Aixtron Company is shown in Figs. 8.14 and 8.15. 




Fig. 8.14. AIX 2000/2400 multi wafer planetary reactor consisting of three blocks, 
as seen from left to right: reaction chamber, gas mixing unit, and computerized 
control unit (with courtesy from Aixtron) 




Fig. 8.15. AIX 24x2 MOCVD AIXTRON company planetary reactor. Wafer ca- 
pacity: 35x2" (GaAs), 24x2" (nitrides) or 7x6"/8x4" (optional) (with courtesy 
from Aixtron) 
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8.2.2 Gas— Vapor Delivery Systems in MOVPE 



The sources in MOVPE partially exist as gases (AsHa, PH 3 , NH 3 ) but nearly 
all organometallic source materials (precursors) are provided in liquid form 
only a few are solids. The amount of gaseous reactants as well as that of the 
carrier gas are easily controlled in conjunction with a standard thermal mass 
flow controller (MFC) as shown in Fig. 8.16. There a thermal conductivity 
sensor in a well-deflned bypass controls a valve which regulates the flow to a 
preset mass flow value. The partial pressure of the gaseous precursor Pgp is 
then given in terms of the total pressure Preactor as 

^gp = • ^’reactor (8-2) 

Vtot 

where Qgp is the flow of the gaseous precursor and Qtot is the total flow into 
the reactor. 

The amount of liquid reactants fed to the reactor is controlled via the 
vapor pressure of the liquid given by its temperature. By using well-regulated 
temperature baths (thermostats) the vapor pressure has a well deflned value 
which is then picked up by the carrier gas flowing (“bubbling”) through 
the liquid and the vapor above. An example of such a so-called bubbler is 
given schematically in Fig. 8.17. The partial pressure Pgp of the then gaseous 
precursor in the reactor is then given by 



Qlp P :eacto 



Pvap(T) 



where Pvap(T) is the equilibrium vapor pressure of the liquid, P^ the pressure 
in the bubbler, and Qip the flow through the bubbler. Qtot and -^reactor are 




Fig. 8.16. Thermal mass flow controller (taken from [8.15]) 
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defined above. Bubblers are nearly exclusively used in MOVPE as delivery 
systems for liquids. Their operation assumes a reasonable vapor pressure and 
that the carrier gas remains sufficiently long in contact with the vapor to 
reach the equilibrium vapor pressure. There are few problems with the use of 
modestly volatile liquids (vapor pressures in the range of 5-30 mbar). There 
are, however, problems when using materials with very low (e.g., TMIn) or 
very high vapor pressures (e.g., DMZn).. 

In the case of low vapor pressures one can of course increase the tem- 
perature of the bubbler. However, this will cause problems when the bath 
temperature becomes too high. The vapor might then condense in the colder 
tubing behind the bubbler. In such a case it might become necessary to heat 
the relevant tubes up to the reactor. Cooling high vapor pressure liquids might 
give on the other hand stability problems since the vapor pressure depends 
exponentially on T and therefore the concentrations might easily fluctuate. 
For the low pressure case, especially when the precursor is partially a solid 
(e.g., TMI) it is common practice to connect two bubblers in series in order to 
reach better equilibrium pressures by doubling the interaction time with the 
precursor. Alternatively a solution system (Fig. 8.18) initially developed in 
[8.13, 14] can provide constant concentration in the gas phase. In this kind of 
delivery system the excess solid concentration (TMIn) will be in equilibrium 
with the solution, which in turn then has a better chance to equilibrate the 
gas phase. 

Direct liquid delivery of precursors might also be useful especially when 
larger amounts of precursors are needed and the accurate value of the vapor 
pressure is not as critical. The solution is then carried most often via a syringe 
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Fig. 8.18. Construction of a bubbler which allows a solid precursor (TMI) 
into the gas phase to be brought more easily via a saturated solution (in N,N- 
dimethyldodecylamine: dmda) (taken from [8.15]) 




Fig. 8.19. Schematic diagram of a liquid injection system for liquid precursors 
(taken from [8.15]) 



to a vaporization chamber directly adjacent to the reactor [8.16] (Fig. 8.19). 
Such a system also has the advantage that the precursor stays most of the 
time, except when evaporated, at room temperature. 

All the gases are then fed together with the gaseous precursor (arsine, 
phosphine, ammonia) and dopant gases into the reactor (“Run” in Fig. 8.20) 
for epitaxial growth. Before doing so the bubblers and the gas flows are 
allowed to stabilize and leave the system through an exhaust exit (“Vent” 
in Fig. 8.20 ). Growth is initiated by switching the relevant valves from the 
“Vent” to the “Run” line. Care has also to be taken for a mixing zone in 
the beginning of the reactor in such a way that a homogeneous gas mixture 
appears in the growth region of the reactor. The temperature of the bubbler, 
the pressures and the switching of the valves is generally controlled today 
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Fig. 8.20. Schematic outline of a MOVPE epitaxial growth apparatus (taken from 
[8.17]) 



by computers. This allows for depositions in the monolayer regime with a 
similar reproducibility as in MBE. 

One of the main drawbacks in MOVPE as compared to MBE had always 
been the fact that in situ analysis tools were not all standard or not available. 
This was in contrast to MBE were from the beginning nearly always the 
full arsenal of surface science techniques relying on vacuum conditions was 
available either in the growth chamber or in a connected analysis chamber. 
With the help of these tools fluxes to the substrate, substrate structure and 
growth rate could be determined before and during the growth procedure and 
if necessary the growth parameters could be changed or the growth stopped. 
This was until recently not possible in VPE growth and only post growth 
analysis was performed. Delay times of days until the results were fed back to 
the epitaxial grower were standard. This situation has changed considerably 
in the last decade. 

The most convenient techniques for analysis of epitaxial growth in the case 
of MOVPE are optical techniques [8.8]. These techniques in the growth envi- 
ronment typical for MOVPE separate into two groups, namely those methods 






8.3 Precursor Materials 185 



which are suitable for gas phase analysis, and those which provide informa- 
tion from the growing surface. Optical techniques are especially ideally suited 
to perform analysis in the quite hostile environments met in MOVPE. For 
epitaxial growth however surface analysis is the most important task. Optical 
methods for surface analysis have been quite far developed for the epitaxial 
needs in the last decade. Optical equipment is commercially available now for 
the determination of surface reconstruction, surface morphology, layer thick- 
ness, surface temperature and growth rate even on the monolayer scale. This 
equipment is applied to the growth apparatus from outside through windows 
and thus can be easily added or removed and used also for comparison to the 
vacuum growth techniques like CBE or MBE. For more information on the 
optical characterization methods of epitaxial growth processes see Chaps. 9 
and 10. 



8.3 Precursor Materials 

The last decade of development of the MOVPE technology has shown that 
the design of the source molecules (see the left side of (8.1)), called also 
precursor molecules, became an integral part of the design of the overall 
MOVPE process [8.6-8]. 

It has been discovered that designing molecules with specific properties 
is possible, including such parameters like pyrolysis temperature, vapor pres- 
sure, toxicity, etc. They have quite difficult notations (for a crystal grower, 
who is not a metalorganic chemist), thus, it is useful to explain in brief the 
existing rules. The metalorganic precursors are commonly designated by the 
MOVPE community using M, E, NP, IP, NB, IB, TB, and A to denote the 
radicals methyl, ethyl, n-propyl, i-propyl, n-butyl, i-butyl, t-butyl, and alkyl, 
respectively. Another common radical, cyclopentadienal (C5H5), is commonly 
denoted Cp; M (mono), D (di), and T (tri) are used to denote the number of 
specific radicals. Thus, DMZn represents dimethylzinc while DNPTe is used 
to denote di-n-propyltellurium. 

New precursor designs include, among others, Te precursors such as MATe 
and DTBTe, designed to have lower pyrolysis temperature than the com- 
monly available DETe and DMTe. Group VI molecules such as C4H4S and 
MSB are designed to pyrolyze at higher temperatures for usage together with 
DMZn and DMCd to retard homogeneous nucleation of the solid upstream 
from the substrate (“parasitic reactions”). The triethyl-group III molecules 
suffer from prereaction difficulties, while TMIn has the disadvantage of be- 
ing a solid at room temperature. The combination EDMIn, with a single 
methyl group replaced by an ethyl radical, is a liquid that has been discov- 
ered to behave chemically in the MOVPE reactor similarly to TMIn. It is 
now available in electronic-grade purity and has been used to grow extremely 
high-purity InP. Perhaps most dramatic has been the development of less haz- 
ardous group V metal organic molecules to replace the highly toxic hydrides 
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of As and P [8.6]. The strong recent interest in Ill-nitrides for optical devices 
has pushed similarly development of N-precursors applicable at lower growth 
temperatures than necessary for the N-hydride (NH3: Tg^owth 1300 K). A 
reduction in growth temperature would be desired in order to reduce the 
large number of N- vacancies created by the high volatility of the nitrogen. 
However, the results obtained with hydrazine (Hy)-derivates (dimethylhy- 
drazin -e DMHy) or with butyl-derivates (tertiarybutylamine-TBAm) have 
until now not been convincing enough to replace ammonia. One should note, 
however, that the high purity required for precursors is a major problem or at 
least a time factor in development. The usual chemical purification (10“^) is 
by far not sufficient for semiconductor purposes. Electronic grade precursors 
are needed which represent first of all a problem in analyzing the precursor 
material for the relevant impurities and possibly developing an appropriate 
purification method or sometimes also designing a new route for synthesizing. 
This is usually a time consuming process which relies also strongly on the 
interaction of epitaxial growers and precursor manufacturers. 

Selection of the optimum source molecules is most frequently unrelated 
to the reactor pressure and geometry. In this case, the aspect of the pro- 
cess design related to the choice of source molecules is based on criteria such 
as toxicity, convenience (mainly vapor pressure, melting point, etc.), avail- 
ability in high-purity form, pyrolysis temperature, and compatibility (as in 
the case of growth of HgCdTe compounds). The other major fundamental 
consideration is freedom from C contamination. 

The group II molecules of the type MR2, such as dimethylzinc and 
diethylcadmium, are linear, as shown schematically in Fig. 8.21a. This can 
be understood from the valence bond theory of hybrydized covalent bond- 
ing [8.19]. The group II elements have two s electrons in the outer shell. To 
form two covalent bonds a hybridization occurs, resulting in two sp orbitals, 
with which the ligands are bonded. The sp hybridized orbitals are linear. 
Thus, the two ligands are separated at an angle of 180°, producing a linear 
molecule. The molecules are electron acceptors, or Lewis acids, due to the 
unfilled p-orbitals. 

An alternative approach to understanding the molecular configurations 
is the valence-shell, electron-pair repulsion (VSEPR) model [8.20]. The elec- 
trons in the valence shell of the central atom are brought into spin-paired 
couples by interactions with the ligands, and these paired electrons repel each 
other to form the geometries of lowest energy. For molecules of the group II 
alkyls, this leads to a linear molecule with bond angles of 180°. 

The bonding in group III molecules is similar. The incomplete electron 
shell of the atoms contains one p and two s electrons. The three covalent bonds 
are formed with a hybridized sp^ bonding configuration. Thus, a planar, trig- 
onal molecule is formed with the three ligands separated by angles of 120°, as 
shown in Fig. 8.21b. Important is that an unfilled p-orbital remains after the 
three covalent bonds are formed. This unfilled p-orbital, lying perpendicular 
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Fig. 8.21. Schematic diagrams of simple precursor molecules used in MOVPE 
growth of II- VI and III-V semiconductor compounds: (a) DMZn, (b) TMGa, (c) 
AsHs, (d) DMTe, (e) TBP, and (f) IBP. Hydrogen atoms are represented by the 
small open circles, carbon by the intermediate-sized circles with the vertical hatch 
pattern. The largest circles represent the metal atoms (taken from [8.18]) 



to the plane of the molecule, makes it electrophilic, i.e., it attracts electrons. 
This makes the group III alkyls electron acceptors, or so-called Lewis acids. 

The group V atoms each have three p electrons and two s electrons in 
the unfilled shell. The formation of three covalent bonds satisfies the bonding 
requirements. In this case the sp^ hybridization gives a tetragonal bonding 
configuration, shown schematically in Fig. 8.21. The three R groups, if iden- 
tical, form a structure resembling a three-legged stool, with bond angles of 
approximately 109.5°. Atop this “stool” is a pair of electrons forming no co- 
valent bond. This so-called lone pair is important for interactions of the group 
V precursor molecules with surfaces and with other molecules. The molecules 
behave as electron donors, or so-called Lewis bases in these interactions. 

The group VI elements have two s electrons and four p electrons in the 
outer shell. The two covalent sp^ bonds are separated by approximately the 
tetrahedral angle, as seen in Fig. 8.21d. In this case, two lone pairs occupy 
the other two tetrahedral positions. The molecules, which resemble H 2 O, are 
also Lewis bases. 

An important parameter for MOVPE is the energy of the metal-carbon 
bond in the precursor molecule. This particular bond energy is significant 
because it determines the stability of the molecule against decomposition 
by free-radical homolysis. The metal-carbon bond strength is less important 
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Fig. 8.22. Schematic diagrams of simple alkyl radicals: (a) methyl, (b) ethyl, (c) 
n-propyl, (d) i-propyl, (e) sec-butyl, (f) i-butyl, (g) t-butyl, (h) alkyl, and (i) 
benzyl. Hydrogen atoms are represented by the small open circles, carbon by the 
larger-sized circles with vertical hatch pattern. Double bonds are shaded (taken 
from [8.6]) 



for other pyrolytic mechanisms, such as /^-elimination, which also occur for 
certain metalorganic precursor molecules. In general the metal-carbon bond 
strength depends both on the nature of the metal, i.e., the electronegativity, 
and the size and configuration of the radical. 

The common ligands encountered in MOVPE are shown schematically in 
Fig. 8.22. The simplest, methyl and ethyl radicals, have only a single con- 
figuration, excluding the rotational conformations. The larger radicals have 
several configurations or isomers. In general, the metal-carbon bond strength 
is decreased as the number of carbons bonded to the metal bonded carbon 
(central carbon), is increased [8.6]. For example, the strongest metal-radical 
bond will involve the methyl radical, since the central carbon is bonded only 
to H atoms. The bond strength is slightly less than for the metal-H bond. For 
the ethyl, n-propyl, and i-butyl radicals this rule indicates the metal-carbon 
bond strengths to be equal, since in each case the central carbon atom is 
bonded to one additional carbon. For the i-propyl and t-butyl radicals, the 
metal-radical bond strength should be considerably reduced since the cen- 
tral carbon atom is bonded to two and three carbon atoms, respectively, in 
addition to the metal atom. 
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Weakening of the carbon-metal bond in this manner is attributed to delo- 
calization of free-radical electronic charge. Even weaker carbon-metal bonds 
are formed for the alkyl radical, where a double bond is formed, and the 
benzyl radical, where the Crad atom is bonded to a benzene ring, as shown 
in Fig. 8.22i. A corollary to the rule described above is that the more stable 
the radical, the more rapidly it is formed. Experimentally determined bond 
strengths for several group II, III, V, and VI alkyls, where data are available, 
are summarized in Table 8.1. Di represents the energy required to break the 
first carbon-metal bond, which is typically the activation energy for pyrolysis 
when radical mechanisms dominate. Also listed is the average bond strength 
(Davg) determined from combined thermochemical and kinetic data. 

Another important property that varies systematically with the alkyl 
group is the vapor pressure. In general, the vapor pressures are highest for 



Table 8.1. Bond strengths (energy required to break the first carbon-metal bond) 
of common precursors and related molecules (taken from [8.6]) 



Precursor D\ (kcal mol ^) 


Davg (kcal mol ^ ) 


DMZn 


51 (54) 


42 


DEZn 




35 


DMCd 


53 


33 


DECd 




26 


DMHg 


58 


29 


DEHg 


42.5 


24 


DNPHg 


47 




DIPHg 


41 




DNBHg 


48 




TMAl 


65 


67 


TEAl 




58 


TMGa 


60 


59 


TEGa 




57 


TMIn 


47 




TMTl 


27 




PH 3 




77 


TMP 




66 


TEP 




62 


AsH3 




59 


TMAs 


62.8 


55 


TMSb 


57 


52 


TMBi 


44 


34 


H 2 S 




83 


DMS 




65 


DES 




65 


H2Se 




66 


DESe 




58 


H2Te 




57 
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Fig. 8.23. (a) Temperature dependence of vapor pressures for common group 
III and group V metalorganic sources and (b) temperature dependence of vapor 
pressures for common group II and group VI metalorganic sources (taken from 
[ 8 . 6 ]) 



the lightest molecules. This is clearly seen from the plots of vapor pressure 
versus temperature shown in Fig. 8.23 for several alkyls useful for MOVPE 
growth. Of course, the intermolecular interactions in the liquid also strongly 
affect the vapor pressure, which makes quantitative predictions impossible. 
Generally, however, higher order, more branched molecules have weaker inter- 
actions, which enhances the vapor pressure. For example, the vapor pressure 
of TIBAl is much larger than for the lighter TEAL 



8.4 Precursor Decomposition and Reactions 

Decomposition of precursor molecules can be performed by any kind of en- 
ergy transfer and excitation into unstable electronic states. We will discuss 
briefly later plasma-MOVPE and photo-MOVPE where either electronic col- 
lisions in a plasma discharge or higher energetic photons cause the molecule 
to dissociate. In the standard MOVPE process, however, it is just the thermal 
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Fig. 8.24. Pyrolysis of different standard precursors. Note also the dependence on 
environment (taken from [8.21]) 



energy which causes the molecules to break up in smaller parts. This pro- 
cess is usually called pyrolysis. For standard precursor it takes place across 
a temperature interval of approximately AT = 50 to 100 K. Fig. 8.24 gives 
some examples. The temperature where 50 % of the precursor molecules is 
decomposed is called T50 or generally the decomposition temperature. The 
decomposition temperature is, besides the vapor pressure, the most impor- 
tant quantity of the organometallic precursor. The substrate temperature has 
to be set on the appropriate level in order to have sufficient decomposition 
at the growing surface but also to avoid, at low decomposition temperatures, 
predepositions on the reactor walls. On the other hand epitaxial growth needs 
a certain surface mobility of the growing species which sets a lower value for 
useful decomposition temperatures. In practice since the standard susceptor 
have an upper temperature limit around 1000 K useful decomposition tem- 
peratures are normally between 500 and 900 K. 

Decomposition can take place in the gas phase and is then called a homo- 
geneous reaction or can take place at the surface and is then termed a hetero- 
geneous reaction. Both contribute but the latter is quite often, because of the 
two dimensional geometry (surface catalysis), the dominant one. This can be 
seen for example from PH3 decomposition curves with and without the GaP 
surface in Fig. 8.24. Similarly the conditions of the reactor walls (deposits) 
have a large influence, too. A clean reactor gives completely different results 
compared to one in which growth has already been taken place. Examples 
(ASH3) can be found in [8.22]. 

Thus decomposition temperature data have to be taken with extreme care, 
a circumstance further enhanced by the fact that reliable measurements are 
difficult to perform. 
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In order to understand the MOVPE process it would be desirable to know 
all the detailed decomposition steps of the hydrocarbons containing precur- 
sors because a direct consequence of such reactions is the incorporation of 
radicals (carbon) into the epitaxial layers or the adsorption and reaction of 
atomic hydrogen on the surface. However, the reaction and their rates are 
largely unknown. The problem is that even the homogeneous pyrolysis of 
single molecular species already needs to consider many reaction to be de- 
scribed properly. The pyrolysis of Ga(CH3)3, for example, should be governed 
by reactions like 



Ga(CH3)3 ^ Ga(CH3)2 + CH3 


(8.4) 


Ga(CH3)2 ^ GaCHa + CH3 


(8.5) 


CHg + H2 ^ CH4 + H 


(8.6) 


GaCHa ^ Ga + CH3 


(8.7) 


Ga + H GaH 


(8.8) 


GaH + H ^ Ga + H2 


(8.9) 


GaH + CH3 ^ Ga + GH4 


(8.10) 


GaGHg + CH3 GaCHs + CH4 


(8.11) 



Experimental data from absorption spectroscopy for TMGa pyrolysis are 
shown in Fig. 8.25. Some of the species appearing on the right-hand sides of 
reactions (8.4)-(8.11) are clearly detected. However, it is extremely difficult 
to obtain quantitative data and derive from there values for reaction rates. 

The situation becomes more complicated and the number of reactions 
increases if other reaction partners, as usual in a MOVPE process, are present 
and have to be considered. The inclusion of surface processes (heterogenous 
reactions) finally leads to many more reaction equations since adsorption. 




Fig. 8.25. Pyrolysis of TMGa and concentration of several pyrolysis products 
(taken from [8.21]) 





8.4 Precursor Decomposition and Reactions 193 



desorption, occupation of sites and different rates have to be considered. 
Growth models have taken more than 200 reactions into account and it is clear 
that with such a large number it is not possible to prove certain mechanisms 
but at best we might be able to identify certain critical reaction steps [8.23]. 
A large collection of experimental data concerning the pyrolysis of MOVPE 
precursors in the presence of other precursors and different surfaces can be 
found in [ 8 . 6 ]. 

In such a situation it seems hopeless even to try metalorganic VPE. How- 
ever, since growth takes place on the surface the important questions are (i) 
to realize which are the molecules finally arriving from the gas phase at the 
surface, (ii) to decide whether surface reactions eliminate the last attachments 
on the atoms desired for epitaxial growth and (iii) finally discover whether 
the surface allows for sufficient mobility to have the atoms attach to the 
surface positions necessary for epitaxial growth. For the standard case of tri- 
methylgallium it has been shown that mono-methylgallium is the molecule 
present in high concentrations at or near the surface at standard growth 
temperatures [ 8 . 22 ]. Since the decomposition of arsine releases similar con- 
siderable amounts of H the methyl groups react to methane which desorbs 
easily (see Fig. 9.13): 

GaCHa -f H -h As ^ CH4 -h GaAs. (8.12) 

This simple mechanism explains why growth of GaAs from TMGa and 
with precursors containing direct As-H bonds is successful but not with tri- 
methylarsine or just arsenic from an effusion cell. A large concentration of 
methyl groups will remain on the surface in the latter cases and in contrast 
reactions like 

GaCHs -h CH 3 ^ GaCH 2 + CH 4 (8.13) 

will take place on the surface. Carbon will be incorporated in the epitaxial 
layer since carbene (CH 2 ) is not easily removed. This effect will occur also 
with arsine at low temperatures when a low degree of decomposition provides 
insufficient hydrogen. This explains why quite often highest purity material is 
obtained at higher temperatures or vice versa that low temperatures create 
carbon doping which may be utilized for efficient p-doping in many cases. 
Also the excellent performance of the alternative precursor TBAs and TBP 
(Fig. 8 . 21 e) is understood by that. Both contain two hydrogen atoms directly 
attached to As in contrast to tri-methylarsine with no hydrogen bonded di- 
rectly. It seems also that atomic hydrogen has the effect of increasing the 
mobility on the surface (the diffusion lengths turn out to be much larger 
than in MBE) and thus the epitaxial quality of the MOVPE grown material 
is high. 

Fortunately the surface conditions can be accessed by optical techniques 
(RAS) during growth and thus it turns out easy to control the growth and 
optimize the growth conditions even the gas phase chemistry near the surface 
might be not very well understood. This will be discussed in the next section. 
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8.5 Control of Surfaces Before and During Growth 

The drawback of MOVPE compared to MBE until recently was that there was 
no information on the substrate surface and the grown layers until the growth 
was finished and the structures were analyzed ex situ by different analytical 
techniques. In MBE on the other hand substrate deoxidation, recognition 
of surface reconstruction and growth rate calibration could be applied in 
situ and increased thereby the probability of a successful growth run. The 
optical techniques developed in the last decade can provide a similar service 
for MOVPE growth as described in Chap. 10. We give here a few examples 
for such in situ control. 

Substrate deoxidation can be followed quite easily as shown in Fig. 8.26 
with the example of InP(OOl) substrates. At low temperatures (a) the re- 
flectance anisotropy on a standard substrate is caused by strains which exist 
as a consequence of the oxide coverage. At lower temperatures the spectral 
shapes do not change with annealing time. Around 675 K the spectra change 
drastically (b) and approach the spectrum of the InP(001)-(2xl) surface (c, 
d), which above 700 K and at a partial pressure of more than 25 Pa is the sta- 
ble surface reconstruction of InP(OOl) [8.24,25]. Other semiconductors show 
similar behavior. 
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Fig. 8.26. RAS spectra during deoxidation of a wet chemical etched InP substrate 
under phospine with increasing temperature. Above 700 K the spectra correspond 
to those of InP(001)-(2x 1) (taken from [8.17]) 
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Fig. 8.27. Different types of RAS spectra occurring during homoepitaxy of 
GaAs(OOl) with TMGa. The partial pressure of TMGa increases from I to IV. 
The shaded areas mark the typical spectral regions of the RAS minimum for Ga- 
rich ( 2eV) and arsenic-rich (2.6 eV) surface reconstructions. In I the surface is 
essentially identical to the pregrowth c(4x4) surface. In II the surface contains 
less arsenic and especially at edges of steps or islands Ga-dimers contribute to a 
minimum at 2 eV. In III and IV the surfaces are covered with hydrocarbons. TEG 
behaves similar except in phase IV, because of the lower decomposition temperature 
(taken from [8.26,27]) 



The right growth conditions (growing surface) can of course also be well 
defined via the optical surface response similarly as described in Chap. 10 for 
the nongrowing stationary surfaces. Figure 8.27 summarizes different types 
of RAS spectra obtained during MOVPE growth with TMGa and TEGa as 
precursors [8.26,27]. The spectra labeled I to IV correspond to different sur- 
face phases of GaAs(OOl). In phase I the surface is still mostly arsenic-rich 
c(4x4) covered and the spectra represent a large ratio of arsenic to gallium 
on the surface. With increasing amounts of Ga phase II and III spectra are 
obtained. In II the minimum is shifted to lower energies thus indicating more 
Ga-rich surface: (nx 6 ). In III and IV finally the optical response is domi- 
nated by surfaces covered with hydrocarbon groups. Corresponding to their 
spectral shape the spectra define then different growing surfaces in a par- 
tial pressure vs temperature diagram (Fig. 8.28). In the arsenic-rich phase 
I growth is by step flow. In II monolayer oscillations can be observed and 
consequently growth is via island nucleation. It represents also the region 
relevant for step bunching. In III with its rather low temperatures CH 3 and 
CH 2 adsorb on the surface. Since at these temperatures not much arsine is 
decomposed to provide sufficient atomic hydrogen in order to have the hy- 
drocarbons desorb as methane (CH 4 ) they stick to the surface. The growth 
rate saturates because the available adsorption sites become limited. This 
region in the phase diagram however can be used to achieve carbon doping. 
Phase IV finally represents a surface with probably a monolayer of adsorbed 
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Fig. 8.28. Phase diagram for homoepitaxy on GaAs(OOl) with TMGa. The dia- 
gram is derived from spectra such as shown in Fig. 8.27. (taken from [8.17]) 



methylene (CH 2 ) and is (1x4) reconstructed [8.28]. It is the surface which 
gives the monolayer self-limitation in ALE. 

It turns out that for nearly all cubic III-V semiconductors RAS can clas- 
sify the epitaxial growth process, a statement which includes also the MBE 
technique. The optimization procedures become straightforward because they 
can be performed in situ during growth. Especially RAS can also recognize 
any malfunction of the growth system, such as insufficient supply of pre- 
cursors, substrate problems, insufficient deoxidation, the necessity to grow 
buffer layers and similar occurrences. For the hexagonal nitrides and growth 
on (111) faces RAS is, because of symmetry reasons, not helpful. However, 
it seems that ellipsometry can provide a similar function for in situ control 
[8.29,30]. For the group IV elemental semiconductors the possible optical 
control techniques are more difficult to use for growth control. The signals 
are quite often weak (RAS) or the experiments are more difficult in connec- 
tion with a growth reactor (SHG). 



8.6 Nonthermal MOVPE Techniques 

In order to lower the deposition temperatures further nonthermal decompo- 
sition of the MOVPE precursors has been also tested. The main techniques 
have made use of photo-decomposition and plasma-decomposition of precur- 
sors. The former case is called photo-MOVPE and is easy to perform because 
only light has to be directed into a standard reactor, which preferably, how- 
ever, is equipped with a window, and the growth can be followed as a function 
of light intensity and photon energy. In the latter case the reactor has to be 
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equipped with electrodes which makes larger modifications necessary. Both 
techniques, however, have not been very successful with respect to crystalline 
quality as compared to purely thermal MOVPE and thus the practical im- 
portance of these techniques for high quality epitaxial growth is not very 
high. 

8.6.1 Photo-MOVPE 

The infiuence of light on the epitaxial growth can be two- fold. Firstly by illu- 
minating the substrate with an intense light source the substrate temperature 
is increased and the growth rate will be infiuenced and usually increased. This 
is called the pyrolytic effect and does not depend on the specific photon en- 
ergies but only on the total radiant power. The physical mechanisms are the 
same as in standard thermal growth and the deposition temperature is not 
lowered. However, if the light is tightly focused the temperature increase is 
more locally defined and so will be the deposition. Light can be used in this 
way to grow spatially defined structures which due to thermal conductivity of 
the substrate and the light focusing possibilities are in the micrometer range 
or larger. 

Secondly the photons when chosen with proper energy may directly dis- 
sociate the precursor by excitation to higher non stable electronic states or 
infiuence the electronic status of the substrate. The process is then called 
photolytic. Since it involves electronic excitations it should depend on the 
photon energy and this fact can be utilized to discriminate against pyrolytic 
growth. Usually UV light sources are required (mercury lamp, excimer laser). 
The term photo-MOVPE assumes that the photolytic process is the domi- 
nant one. Photostimulated MOVPE growth has already been used quite early 
in order to reduce the growth temperatures of II-VI compounds [8.31-34] 
because they are plagued by the creation of self-compensating native defects 
at higher temperatures. Figure 8.29 demonstrates nicely the possibilities of 
photo-MOVPE in the case of III-V compounds, where especially the high 
decomposition temperatures of phosphine made photo-MOVPE attractive. 
In contrast to the thermally driven growth rate (curve: thick solid line) the 
photostimulated growth rate becomes temperature independent at low tem- 
peratures and is just determined by the number of photons. The thermal 
process is reaction limited and negligible at these temperatures. In princi- 
ple photo switching of growth is thus also possible. However, the problem 
turns out to be the epitaxial quality of the material grown at low temper- 
atures which is not very good (polycrystalline at low T). This disadvantage 
together with the additional efforts of introducing a light source and even 
lasers into the epitaxial laboratory has prevented the photo-methods gaining 
general importance in MOVPE growth. But practical applications arise from 
the fact rhat light can be focused and thus selective illumination and selec- 
tive deposition is possible. This can be utilized for example for conductive 
metallic connections [8.36,37]. 
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Fig. 8.29. Photolytic growth of GaAs with an excimer laser (grey curve) as com- 
pared to standard thermal growth (solid curve) (taken from [8.35]) 



8.6.2 Plasma-MOVPE 

The motivation for plasma-stimulated MOVPE has similarly been mainly 
concerned with lowering the growth temperature. The main problem were 
the high decomposition temperatures of the group-V hydrides. It turned out 
therefore to be necessary to have just the hydrides flowing through the plasma 
zone and adding the group III metalorganics afterwards. Two different plasma 
geometries, a transverse (field perpendicular to the flow direction) and longi- 
tudinal (field in flow direction) one, were tested. While the transverse config- 
uration has little effect on the growth rate, the longitudinal plasma (shown 
in Fig. 8.30), especially when the substrate is biased, gives an increase in 
growth rate (Fig. 8.31) or correspondingly lowering of the growth tempera- 
ture and V /III ratio. However, damage induced in the epitaxial layer through 
the energetic ions had to be considered [8.38]. 



8.7 Safety Aspects of MOVPE 

Concluding the presented introduction to the MOVPF growth technique, 
some important points concerning the safety aspects of this technique should 
be emphasized. The main reason for this is the use of highly toxic group V 
hydride source molecules, AsHs and PH3, in growth of III-V semiconductor 
compounds. Moreover their vapor pressure is very high at room temperature 
(AsH 3-100%: 12.5 bar, AsH3-10% in H2: 150-200 bar) and therefor experi- 
mental modifications and leak tests have to be performed with extreme care. 
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Fig. 8.30. Schematic view of a MOVPE reactor with plasma stimulation of growth 
with longitudinal excitation (field parallel to gas fiow) (taken from [8.38]) 
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Fig. 8.31. Growth rate of InP as a function of the phospine partial pressure in a 
plasma stimulated MOVPE reactor (Fig. 8.30). Plasma excited by a DC voltage of 
1300 V with a power of 6.6 W. Upper curve: substrate with additional bias of minus 
300 V, lower curve: without bias. Without plasma their is no InP growth but some 
In deposition (taken from [8.38]) 

Toxicity testing experiments are difficult, so comparisons should be based 
on tests carried out in the same laboratory under similar conditions. An 
exhaustive summary of the effects on humans to exposure to the As and 
P hydrides is given by Hess and Riccio [8.39]. The threshold limit values 
(TLVs) for AsHa and PH 3 are equal to 0.05 and 0.3 ppm (part per million), 
respectively, however, the lethal doses (determined by experiments concerning 
the mortality caused by an exposure to hydride atmosphere) are equal to 
500 ppm s~^, and 2000 ppm s“^ respectively, while life-threatening doses are 
given by (6-15) ppm / (30-60) s, and (400-600) ppm/ (30-60) s. 
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An attractive solution to these safety issues is to develop much less haz- 
ardous group V sources. Fortunately, a number of metal organic group-V 
sources are indeed very much less toxic than the hydrides. Even more impor- 
tant is the fact that their vapor pressures are below one bar. 

Modern practice calls for flow limit valves on each toxic gas cylinder to 
prevent release of the entire contents of the cylinder in a short time due to an 
error or failure of some component of the system. Cross-purge- vent assemblies 
are used to allow thorough purging of toxic gas from the regulator and line 
before opening the line to change cylinders. Most computer-controlled sys- 
tems also have an emergency interlock system that shuts the toxic gas valves 
in the event of loss of air flow or electric power, or exceeding the preset toxic 
gas alarm level. 

In some laboratories the safety precautions have extended to the use of 
self-contained rooms, remotely observed and operated [8.6]. The room ex- 
haust is purged through a dedicated system with continuous monitoring for 
toxic gases with the room maintained at a negative pressure. 

In all cases, however, the most effective measures involve common sense 
as well as appropriate safety apparatus. 




Part III 



In-situ Analysis of the Growth Processes 




9. In-situ Analysis of Species and Transport 



The analysis of the growth process is concerned with three questions: 

(i) which are the species moving towards the surface and participate in 
the growth, 

(ii) what determines their flux to the surface and 

(iii) finally, actually the most important but also most difficult to answer 
question, what are the processes on the surface? 

(i) and (ii) will be discussed within this chapter, (iii) within the next. These 
questions of course have different importance for the different^ growth tech- 
niques. The answers are most difficult for MOVPE since neither the chemical 
reactions the precursor molecules undergo in the thermally inhomogeneous 
reactor are well understood, nor the rather complicated transport of relevant 
species governed by the hydrodynamical differential equations and the re- 
actions on the growing surface can be very well described. In MOVPE the 
understanding of growth still derives many conclusions from the comparison 
with MBE growth. There, species and ffux are determined by thermodynam- 
ics and the surface processes could always be studied with the full potential 
of all the surface science tools applicable in UHV (MBE) but not in the gas- 
phase (MOVPE). For the hybrid growth techniques MOMBE, GSMBE the 
situation is somewhat in between: more complex chemistry on the source side 
but again the possibility to involve classical surface science. 



9.1 Identification of the Growth Relevant Species 

In MBE solid sources, in general the elements, are used (Sect. 7.1). Species for 
the molecular beam are generated by thermal evaporation (Knudsen cells). 
From vapor pressure data which are tabulated for most solids the, in gen- 
eral, simple species (As. As 2 , As 4 , Ga, In, . . .) as well as their concentrations 
are known. In MOMBE, GSMBE, and MOVPE the situation is more com- 
plicated. In all cases, however, mass spectrometry can be involved. In MBE 
and its variants, due to the low pressures, the application of mass spectrom- 
eters is straightforward and similar as in MBE. In MOVPE, however, the 
high pressure prevents a direct mass spectrometric measurement near the 
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sample surface. Sampling of the gas by a capillary and appropriate pressure 
reduction nevertheless allows also for mass spectrometry. However, the long 
time needed for the atoms or molecules to reach the spectrometer allows for 
many gas and wall collisions and thus there is a rather large uncertainty 
about how much the mass spectrum measured might deviate from that at 
the sampling point. For that reason optical diagnostics have also been used 
in MOVPE quite intensively to study the distribution of different species in 
the gas phase. In this section we will first discuss mass spectroscopy and then 
optical methods for identification of the epitaxial relevant species. 

9.1.1 Mass Spectrometry 

For mass spectroscopy [9.1] in all cases commercially available quadrupole 
mass spectrometers (QMS) can be used. In the molecular beam growth tech- 
niques (X-MBE = MOMBE or GSMBE) experimental care has to be exer- 
cised to reduce the background signal appearing uncorrelated to the molecular 
beam. This can be achieved with the cryoshroud of the X-MBE equipment, 
careful mounting and with an extra shroud for the QMS. A schematic set-up 
is shown in Fig. 9.1 where the QMS has been used in a study of CdZnTe 
growth. In this example the QMS detects in the reflected beam the number 
of desorbing atoms (Fig. 9.2). The result of the reflecting flux measurement 
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Fig. 9.1. MBE equipment with a quadrupole mass spectrometer (QMS) mounted 
in reflection configuration for growth studies (taken from [9.2]) 
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Fig. 9.2. Reflectance mass spectrometer (REMS) signal during CdZnTe growth. 
Extra deposition of Te on the CdZnTe surface leads to an increased desorption of 
Zn (upper curve) (taken from [9.2]) 



is that extra deposition of Te on the CdZnTe surface leads to an increase in 
the desorption of Zn. Similarly of course the incoming flux in the incident 
molecular beams can be measured. 

In the X-MBE techniques the application of MS is similar, however, de- 
pending on the molecules used, the requirements for the mass spectrometry 
are now higher. This is because the, in general, higher masses of the metal- 
organic molecules are now involved (M up to 300). Secondly the decom- 
position products appearing in the reactor differ sometimes only by a few 
hydrogen atoms, resulting in species with small mass differences but a large 
mass. Thus a large mass but high resolution QMS is required. In MOVPE 
besides the need for large mass, high resolution mass spectrometer there is 
the need also to reduce the pressure from 10-100 mbar in the reactor to 10“^ 
as required for the QMS. Continuous sampling is done in a two-step pressure 
reduction: in a first stage the gas is pumped from the reactor via a capillary 
down to 10“^ and in a second stage via a nozzle down to the high vacuum 
needed for the mass spectrometer. This two-step procedure assures that mass 
discrimination through the pumping process is a small effect, because the in- 
let and outlet flow types in each of the two stages are the same: viscous in 
the first and molecular in the second case. A schematic set-up can be seen in 
Fig. 9.3. The ionization of the large molecules, common in the MO methods. 
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Fig. 9.3. Schematic set-up for using a quadrupole mass spectrometer (QMS) in 
a MOVPE reactor. The gas is sampled from a region inside the reactor through 
a capillary. The pressure is reduced first by a roughening pump from the reactor 
pressure (« 20 mbar) to an intermediate value {prn ~ 0.1 mbar) and in a second stage 
to the pressure needed for the QMS (pms ~ 10”^ mbar). This two-step procedure 
minimizes mass discrimination by the pumping process 



leads to their fragmentation and results generally in complicated cracking 
patterns. Figure 9.4 gives an example for tBAs. 

The 300 K spectrum corresponds to a gas mixture containing just tBAs 
and in addition argon as a reference for calibration. The mass spectrum in a 
heated reactor (923 K) is clearly different especially in the high mass range 
due to the thermal decomposition of tBAs. The interpretation of such a pat- 
tern in terms of thermal decomposition products however is not always easy 
and requires reference measurements as well as models about the decompo- 
sition products. 

Of course in a MS set-up for high pressures like that in Fig. 9.3 the 
molecules undergo many collisions with each other within the gas phase but 
even more at the intermediate pressures with the walls of the tubing leading 
finally to the mass detector. There remains therefore the question of how 
much the gas composition still reflects the composition above the substrate 
or in which way it has been modified on the long way to the detector. From 
that point of view mass spectroscopy cannot be classified as an in situ tech- 
nique. A very special solution which might be termed a true in situ mass 
spectrometer has also been published [9.3]; however, since a hole had to be 
fabricated into the sample the application is rather limited. 
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Fig. 9.4. In-situ mass spectra from a MOVPE reactor with tBAs and nitrogen as carrier 
gas sampled with a set-up as shown in Fig. 9. 3. The plots on the left display the mass range 
5-65; those on the right 65-135. The upper plots are taken at a gas temperature of 300 K; 
the lower ones at 873 K 
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9.1.2 Optical Identification of Species 

In order to obtain specific “fingerprint” -like information for each of the dif- 
ferent molecular species, interaction of the electromagnetic radiation with 
either electronic, vibrational or rotational excitations may be utilized. Elec- 
tronic transitions are conveniently observed in the ultraviolet (UV) and visi- 
ble (VIS) spectral range by absorption spectroscopy or laser induced fluores- 
cence, while vibrational or rotational excitations may be either observed by 
Raman type interaction conveniently in the VIS, or by direct interaction in 
the infrared. Methods which can be performed in the VIS or near UV spec- 
tral range are usually preferred since the reactor walls, made of quartz, are 
transparent in this spectral region. Infrared and deep UV measurements re- 
quire, in contrast, special window materials and quite often also the removal 
of the ambient air, which in these spectral regions might absorb light, too. 
Thus experiments become more complicated. Consequently much less data 
have been published from those spectral regions. In the following we will de- 
scribe the optical techniques with respect to their abilities in detecting and 
determining quantitatively species in the gas phase. 

There are many optical techniques which are able to identify the molecular 
and atomic species present in a gas phase. They differ, however, with respect 
to their sensitivity, their ease of interpretation and their spatial resolution, 
a fact which is important under the very inhomogeneous situation in the 
gas phase environment of an epitaxial reactor. The most important feature 
required for detection of growth relevant gas phase species is the sensitivity, 
because their concentration is low, usually several orders of magnitude below 
the concentration of carrier gas molecules. In laser induced fluorescence, one 
of the most sensitive techniques, minimum values down to 10^ molecules/cm^ 
have been realized for Si atoms [9.4]. 

Absorption Spectroscopy. Absorption experiments are relatively simple 
as compared to laser induced fluorescence or Raman type interactions. Dif- 
ferent setups have been used for absorption spectroscopy in the gas phase 
depending on whether electronic transitions with high absorption constants 
in the UV or vibrational transitions with usually lower absorption constants 
in the IR are analyzed. For large absorption constants single pass configu- 
rations (Fig. 9.5a), for small absorption constants multipass configurations 
(Fig. 9. 5b), are in use. As light sources in the UV, xenon high pressure lamps 
or deuterium lamps are utilized. UV sensitive intensified diode array detectors 
or photomultiplier tubes with lock-in amplifiers are available for detection. 
The latter is preferred if long term stability and sensitivity are required. In 
vibrational IR spectroscopy, tunable diode lasers and multipass configuration 
allow for very high resolution spectra and, therefore, identification of species 
is simplified [9.6]. FTIR spectrometers may also be employed; however, in 
comparison to diode lasers their resolution is smaller, their sensitivity lower 
and the FTIR instrumentation is more difficult to adapt to a growth reactor 
[9.7-9]. Absolute number densities may be determined from Beer’s law: 
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Fig. 9.5. Schematic arrangements for absorption measurements in a reactor with 
single-pass configuration (a) and multi-pass configuration (b) (taken from [9.5]) 



/ = /oexp(-6'ArL) (9.1) 

where S is the absorption cross-section, N the number density and L the 
length of the light path through the reactor. /, /q are the light fluxes with 
and without absorber. In the unlikely case the absorption cross-section is 
known, it is of course also possible to determine the number density. Even 
then only average values are obtained in the nonhomogeneous situation of a 
cold wall reactor with a heated substrate, because the spatial resolution of 
an absorption experiment is poor and absorption originates from the whole 
reactor region traversed by the light beam (Fig. 9.5a). In addition, if the 
reactor windows (walls) acquire some deposits during the measurement, ac- 
curate values for Iq are difficult to obtain. Thus quantitative evaluation of 
absorption experiments is complicated. However, for monitoring [9.10] and 
for the detection of atoms and radicals, absorption spectroscopy is well suited 
[9.11]. At room temperature the electronic transitions, because of the many 
possible vibrational and rotational combinations in large molecules, gener- 
ally give only broad and uncharacteristic bands in the UV [9.10,12,13]. At 
higher temperatures when decomposition produces smaller molecules, how- 
ever, characteristic fingerprints are obtained. Figure 9.6 shows as an example 
an absorption spectrum of trimethylgallium (TMGa) at room and elevated 
temperature which displays clearly the decomposition of the precursor into 
gallium radicals and Gallium atoms. Similar, for example, absorption peaks 
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Fig. 9.6. Absorbance of trimethygallium (TMGa) at room temperature and 970 K. 
At the latter temperature structure due to gallium radicals (GaH, GaGH3) and Ga 
atoms (*) is observed (taken from [9.11]) 



due to electronic transitions of arsenic subhydrides have been found during 
the decomposition of arsine at higher temperatures. 

Spontaneous Raman Scattering. In contrast to absorption spectroscopy 
spontaneous Raman scattering (RS) has a high spatial resolution, defined by 
the intersection of the focused laser beam and the aperture collecting the 
scattered light (Fig. 9.7). 

However, the sensitivity is in general lower than in absorption detection 
since Raman scattering is second order in the electric field dipole interaction 
but absorption is first order. 

Raman scattering was applied quite early to gas phase diagnostics with 
the goal to determine temperatures by using rotational transitions in the 
carrier gas molecules (Sect. 9.2.2). This provides no problem experimentally 
since the concentration of carrier gas molecules is in the order of 10^^ /cm^ 
e.g., very high. The situation is, however, different for the detection of reactive 
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Fig. 9.7. Schematic configura- 
tion of a Raman scattering ex- 
periment in a MOVPE reactor 
(taken from [9.14]) 
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Fig. 9.8. Raman spectrum of the 
Ai vibration of AsHa at different 
temperatures. At the highest tem- 
perature AsHa has been decom- 
posed. Input partial pressure to 
the reactor was around 20mbar 
(taken from [9.14]) 



species with concentrations usually several orders of magnitude lower. Raman 
scattering from vibrational modes can be utilized as molecule specific infor- 
mation. Only relatively high Raman detection limits for species have been 
reported (partial pressures between 1 and lOmbar [9.14, 15]). Figure 9.8 gives 
an example for Raman spectra of two vibrational modes of arsine for an in- 
put partial pressure to the reactor of 20 mbar, a value very large compared to 
standard growth conditions. The decomposition of arsine at the highest tem- 
perature can be recognized by the disappearance of the Raman modes. The 
usefulness of Raman scattering for the goal of detecting decomposition or re- 
action products because of the considerable lower concentrations is, however, 
rather limited. Nevertheless, a few results concerning reaction mechanisms 
have been reported [9.15-17]. 

Laser Induced Fluorescence. In laser induced fluorescence (LIF) a tun- 
able laser is used to selectively excite electronic transitions of an atom or 
molecule to be studied and the resulting fluorescence is analyzed spectrally. 
Corresponding electronic transitions for atoms and molecules are indicated 
in Fig. 9.9. The experimental setup is equivalent to that for Raman scattering 
shown schematically in Fig. 9.7. In contrast to Raman scattering, however, 
a tunable laser is needed for selective excitation. This laser may operate in 
cw as well as in pulsed mode. In the latter case it provides also temporal 
resolution. The LIF technique consequently combines the high spatial resolu- 
tion of Raman scattering with the temporal and spectral resolution of a laser 
technique. Moreover, whenever fluorescent transitions exist a high sensitivity 
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Fig. 9.9. Electronic transitions responsible for laser induced fluorescence (LIE) for 
the case of a one-photon excitation process of an atom (a) or a simple molecule (b) 
and for a two-photon excitation process (c) 

can be obtained. Simple diatomic molecules and atoms quite often produce 
characteristic, fingerprint-like structures in the fluorescence spectra with a 
high quantum yield close to one. The sensitivity of LIE in such a case is in 
the range of 10^ molecules/cm^. For larger polyatomic molecules the quan- 
tum yield is usually lower because these molecules can alternatively return 
to the ground state by non radiative processes or possibly photodissociate 
from the excited state. In such cases the detection sensitivity is substantially 
lower and other techniques than LIF may be preferred, e.g., spontaneous or 
coherent Raman scattering. 
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Fig. 9.10. LIF spectrum obtained from: (a) Si atoms during deposition in a 
reactor. Excitation was at 250.7 nm. The labels denote the total angular momen- 
tum of the states involved in the transition; (b) from Si 2 molecules excited at 
390.83 nm. Labels mark the calculated vibrational origin of the transitions involved; 
(c) of HSiCl (excitation: 457.5 nm) observed in Si deposition from dichlorosilane 
(SiCl 2 H 2 ). Equal labels mark the rotational subband structure of three vibrational 
bands (taken from [9.18-22]) 
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Absolute determination of number densities in LIF is, however, difficult 
since usually no simple calibration procedure exists. LIF is especially useful 
for nonstable species. It has been mostly applied to gas phase diagnostics in 
silicon chemical vapor phase epitaxy [9.4]. Examples for LIF spectra from Si- 
atoms, Si 2 -molecules, and dichloro-silane are presented in Fig. 9.10. Clearly, 
the decrease in spectral sharpness and signal-to-noise ratio from the simple 
atom to the more complicated molecule can be noticed. 

The results of similar experiments for the hydrides of group V elements 
have been published, too [9.12]. On the other hand, surprisingly few inves- 
tigations have been reported for metalorganic precursors. Results have been 
quoted for example for dimethylzinc [9.23] or trimethylgallium [9.24]. The 
high spatial resolution in addition allows us to measure the height distribu- 
tion of the growth relevant species above the substrate and to compare with 
calculations and growth results. Results for the density of Si atoms density 
above a Si substrate have been quoted for example in [9.19,20]. 

Coherent Anti-Stokes Raman Scattering. CARS is a third-order non 
linear optical technique. It is described as a four wave mixing process 
(Fig. 9.11) where the frequency difference of two of the input laser beams 
matches a vibrational-rotational transition frequency of the molecules under 
study. This creates a coherent set of molecules for which the corresponding 
vibrational-rotational states are occupied. The CARS process may then be 
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Fig. 9.11. Schematic energy diagram of transitions between molecular levels for a 
CARS process. Rotational ( J), vibrational (v) and electronic (n) quantum numbers 
are indicated. Transitions 1 and 2 can be thought to be responsible for coherent 
excitation of molecules and steps 3 and 4 may be viewed as an anti-Stokes Raman 
process (taken from [9.5]) 
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Fig. 9.12. Experimental arrangement for CARS in a VPE reactor. Wave vector 
conservation, (9.3), requires the anti-Stokes beam to appear under a different angle 
than the other beams in a so-called folded BOXCARS configuration (all three input 
beams not in one plane). This allows for easy rejection of input laser light (taken 
from [9.26]) 



thought of as an anti-Stokes Raman scattering process of the photons in the 
third input laser beam caused by the coherent molecular excitations. 

Not only energy has to be conserved in the CARS process 

2lul — ujs — ujas = 0 (9.2) 

but, since the excitations are coherent, the wave vectors of the light beams, 
too: 



2kL - ks - kAs = 0 - 



(9.3) 



The anti-Stokes beam, ujas^ therefore emerges in a well-defined direction 
(Fig. 9.12) which makes its separation from the other laser beams and the 
corresponding intensity measurements relatively simple. 

The total power in the CARS beam may be written as [9.27] 
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where the matrix elements in the resonant part of the third-order nonlinear 
susceptibility have been expressed by the spontaneous Raman cross- 

/o\ 

section {da/dQ)ij and Xnr is the non-resonant part containing the contribu- 
tions from all transitions which do not fulfill energy conservation as expressed 
by equation 9.2. is the difference in occupation between states i and j, 
Fij the transitional line width and N the number density. By increasing 
the laser powers {Pl^ Ps) the CARS signal may be enhanced considerably; 
however, the background (xnrj is enhanced, too. Background discrimination 
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may be achieved by exploiting the different polarization properties of the non 
resonant and resonant part of the CARS signal [9.25,27,28]. 

In contrast to the incoherent methods described before, the number den- 
sity enters the CARS signal squared and the contributions from the different 
vibrations with frequency Qij may interfere with each other. This effect oc- 
curs especially when the eigenfrequencies are close to each other. In such a 
case a careful modeling of the spectra is required in order extract the number 
density. 

The experimental setup for CARS measurements is quite elaborate and 
involves a NdiYAG and a dye laser as well as filter monochromator, and a 
reference cell (argon, 1 bar) in order to normalize for the shot to shot vari- 
ation in laser pulse power [9.5]. The detectivity of the CARS method in 
general is limited by laser noise (especially in the case of multimode lasing) 
and by the background signal originating from all other molecules present. 
The main background signal contribution is naturally caused by the car- 
rier gas molecules being present in large number. Detectivity levels as low 
as 10“^ mbar may be achieved for diatomic molecules with sharp spectral 
features, but typical values for larger metalorganic molecules used as reac- 
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Fig. 9.13. CARS spectra taken at different temperatures in a MOVPE reactor 
for the growth of GaAs from arsine (AsHs) and trimethylgallium (Ga(CH 3 ) 3 ). The 
spectra demonstrate with increasing temperature and from left to right: The pro- 
duction of molecular hydrogen, the decomposition of arsine and trimethylgallium 
and the production of hydrocarbons (taken from [9.25]) 
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tants in a MOVPE environment are around 10“^ mbar. Spatial resolution for 
a crossed beam arrangement (“Folded BOXCARS”) like that in Fig. 9.12 is 
of the order of a few mm along the beam direction, but much better (p.m) 
perpendicular to it. 

By tuning the dye laser frequency ujs^ the denominator in (9.4) becomes 
resonant with the different frequencies ujij^ and spectra such as those in 
Fig. 9.13 are obtained at different temperatures. They show how with in- 
creasing temperature (top to bottom) arsine and TMGa are decomposed and 
reaction products like CH 4 , C 2 H 6 and H 2 are created. 

Other Techniques. The previously described methods have been actively 
employed in gas phase diagnostics of the VPF processes. Other methods, how- 
ever, which have been mainly used in distinct circumstances (glow discharges, 
flames) might be useful, too. These include two- or three-photon processes 
(Fig. 9.9) used to excite certain species to electronic states from which fluo- 
rescence may then be observed. An interesting example of this multiphoton 
fluorescence with respect to MOVPF is the possibility of detecting atomic 
hydrogen [9.29]. Since atomic hydrogen is supposed to play a major role 
in the removal of carbon-containing radicals in MOVPF, such a diagnostic 
technique would turn out to be quite useful. Another interesting technique is 
opto-galvanic spectroscopy, which is based on the photoionization of molecu- 
lar species. The appearance of ions is then detected by a current between two 
electrodes in the photoexcited volume [9.30]. While this method obviously 
has a high sensitivity, the presence of electrodes in a VPF environment might 
disturb severely the purity of the epitaxial layers grown. 



9.2 Mass Transport to the Surface 

For molecular beams the mass transport of the growth relevant species to 
the growing surface is simply given by the flux emitted from the source into 
the solid angle determined by the growing surface. In MBF the flux from 
Knudsen cells is easily calculated according to (6.5). It can of course also be 
measured by placing a mass spectrometer (“flux meter”) into the beam. In 
CBF or MOMBF the metalorganic precursors are decomposed in the source 
with a hot wire. The flux out of the source cell depends on chemical reactions 
and cannot be simply calculated. In these cases it is best measured with a 
mass spectrometer. 

As already discussed in Sect. 6.2.2 in a VPF environment the mass trans- 
port, i.e. the flux ji of reactant i to the gas-solid interface, is given by con- 
vective flow, by diffusion in a concentration gradient and by thermodiffusion 
(temperature gradient driven) [9.31]: 
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(9.5) 
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where pi is the partial pressure of the species i^Di is the diffusion constant 
of species i within the carrier gas and is the thermodiffusion coefficient. 
In writing this equation multicomponent diffusion and gas phase reactions 
have been neglected. The important parameters which determine the flux 
under these conditions are the velocity v, the temperature T and the partial 
pressures. While the partial pressures of the growth relevant species will be 
the result of the chemical gas phase reactions, gas velocity and temperature 
are essentially a property of the carrier gas only. This is because of the large 
difference in partial pressures which allow the contribution of the precursor 
and their reaction products to the hydrodynamical and thermodynamical 
properties of the gas mixture to be neglected in a good approximation. Thus 
for the experimental determination of v and T as well as for theoretical 
calculations it is sufficient just to consider the carrier gas. This simplifies the 
experimental studies (no precursors are needed) as well as the theoretical 
work by reducing the number of necessary equations. 

The outcome of those calculations performed by finite element methods 
gives two-dimensional solutions for the four parameters pi, T, Vx and Vy 
mentioned above. Among these, T is certainly the most important parameter 
with respect to the thermally driven gas phase reactions in VPE. The velocity 
profile will deviate of course from the standard parabolic in Vx because of 
the non isothermal situations and because natural convection may create 
(depending on T) a Vy component. As long as no turbulences are created in 
the gas flow, which might lead to an irregular flow pattern, transport is in 
general not too critically affected by this, since the flow velocities anyway 
have to be zero at the wall or the substrate. The pressure finally is to a good 
approximation a constant within the reactor and for that reason also not 
a very crucial quantity. Thus, it appears that temperature and the velocity 
profiles are the most strongly influenced variables and therefore good test 
candidates for the verification of experimental data. 

9.2.1 Measurement of Velocities 

For velocity determination, Doppler frequency shifts (laser Doppler anemom- 
etry (LDA)) from small particles (Ti02, diameter 1 pm) moving with the gas 
stream can be utilized [9.32]. A different technique utilizes two focused laser 
beams which produce two light pulses when a particle passes through [9.33]. 

The more common Doppler experiment is sketched schematically in 
Fig. 9.14. 

The moving particle receives the laser light wavelength Aq (frequency uq) 
with a frequency Up 

Up = uo(l- ( 9 - 6 ) 

where c is the velocity of light. The light scattered from the moving particles 
(Mie scattering) Up is detected with frequency 
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velocity v 




Fig. 9.14. Principle of velocity determination by measuring the Doppler shifted 
light scattered from the moving particle (taken from [9.5]) 





Fig. 9.15. Symmetrical experimental arrangement for measuring the velocity by 
Doppler shifted scattered light: laser Doppler anemometry (LDA) (taken from [9.5]) 

= (9.7) 

and therefore: 

/i ^ ■ eDE\“l 

^DE = ^0 (1 - — j (1 - j 

The Doppler frequency shift: 



(9.8) 
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= ^DE — ^0 



(9.9) 



is obtained as the difference frequency from mixing with light unshifted in 
frequency. By introducing the wavelength X = c/f and for small shifts with 

(v • es){v • eDE)/c^ < 1 (9.10) 



one obtains 

71 

z/D = ^'^^(eDE - ^s) (9.11) 

where n is the refractive index and Aq the vacuum wavelength. Since the 
evaluation of (9.11) requires an additional measurement of the angle between 
the directions of the laser beam and the scattered light, a symmetrical setup 
as shown in Fig. 9.15 is generally preferred today. There, two beams generated 
by a prism arrangement from a single laser (He-Ne) intersect at an angle 0, 
which is easily predetermined, and the Doppler frequency is then given by: 






2vn . 0 



(9.12) 



where v is the velocity component perpendicular to the interference fringes. 

The experimental arrangement includes a Bragg cell to shift the Doppler 
frequency by a known amount for the detection of small velocities with higher 
precision. Particles are introduced into the gas stream by flowing the carrier 
gas over a powder of Ti02-particles. For the measurement of all velocity 
components either the reactor or the optical arrangement has to be rotated 
in order to have interference fringes perpendicular to the component to be 
determined. In the present problem, where two components are to be mea- 
sured, this can be achieved simply by rotating the optical arrangement by 
90° around its optical axis without moving the reactor. The “Doppler burst” 
generated by the particle when moving through the interference fringes has 
a typical frequency in the order of a few Hz. After detection by a photomul- 
tiplier it can be directly converted to a velocity component. 

In Fig. 9.16 examples of velocity measurements in a cold wall reactor 
taken with the LDA method are shown. The velocity near the susceptor 
is increased by increasing the flow rate through the reactor [9.14]. A similar 
effect is obtained by reducing the pressure considerably below atmospheric 
(low pressure VPE) [9.31]. In case the natural convection becomes more 
dominant (high pressure, large height of the reactor and large temperature 
gradient) than the forced convection, vortex flow (roll, cells) may be induced 
in addition to the laminar flow. Such examples have been given in many 
flow visualization studies [9.31,35] and there discussed critically in terms of 
thermophoretic forces. More accurate velocity measurements are presented 
in [9.36,37]. 

In general one can state, however, that most reactors in use today are 
working in well controlled flow regimes which in most cases have been sub- 
stantiated by finite element calculations, for which programs are also com- 
mercially available. 
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Fig. 9.16. Velocity profiles above the susceptor measured in a reactor midplane 
(for coordinates see Fig. 6.16) by LDA for different flow rates (taken from [9.34]) 

9.2.2 Measurement of Temperature 

Temperature constitutes the most important parameter in gas phase epitax- 
ial growth. It determines the constituents in the gas phase as well as on 
the surface. Remote temperature measurements of matter (gas or solid) can 
be performed via elementary excitations whose strength of interaction with 
the optical radiation depends strongly on the thermal distribution functions 
and thus gives the possibility to determine the temperature. Phonons in con- 
densed matter and rotational or vibrational excitations of molecules in gases 
have typical energies in the range from 10 to 200 meV. This results in strongly 
varying values for their occupational probability function in the temperature 
range of relevance for epitaxial growth. Signals depending on the occupational 
numbers can be most easily generated by Raman-type light interaction pro- 
cesses. This includes spontaneous Raman scattering, which will be discussed 
here, as well as nonlinear Raman type interactions (for example coherent 
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anti-Stokes Raman scattering CARS, Sect. 9.1.2). Raman-type interactions 
have the advantage especially for gaseous media that their signal intensities 
in most cases can be evaluated directly with respect to temperature, with- 
out many significant corrections originating from the influence of electronic 
states. This is somewhat more complex in solids and thus for the determi- 
nation of bulk or surface temperatures different approaches for temperature 
measurement may be advisable. 

In the gas phase containing molecular components, however, the large 
number of rotational or vibrational-rotational transitions may be utilized for 
a very accurate and convenient temperature determination. In a typical VPE 
environment with a carrier gas at higher partial pressures, the measurement 
of the rotational transitions of the carrier gas (N 2 , H 2 ) is the most appro- 
priate choice. Since the concentration of molecules is high, large scattering 
intensities can be expected. In addition the molecular structure is simple and 
quantitative expressions for the temperature dependence of the intensities 
can be given [9.33]: 



I{J) = A{u)^gj{2J + l)exp (^- ^ 

2 f( j. 3(J+1)(J + 2) 45(27t)^ 
^2(2J + l)(2J + 3) 7 






(9.13) 



where the factor assumes photon counting and A{uj) is the spectral sen- 
sitivity of the spectrometer, which at a known temperature can be easily 
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Fig. 9.17. Raman scattering intensities from rotational transitions of H 2 for two 
temperatures measured (a, b) and calculated (c, d) by using (9.13) (taken from 
[9.5]) 
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calibrated with the help of (9.13). N is the number of molecules in the scat- 
tering volume, Q is the partition function, gj is the nuclear spin degeneracy, J 
is the rotational quantum number, i?( J) are the frequencies of the rotational 
transitions, 70 is the anisotropic matrix element of the Raman tensor, /(J) 
is a correction term accounting for the anharmonicity and Iq is the incident 
laser intensity. 

Raman scattering measurements can be performed for example in a con- 
figuration like the one displayed in Fig. 9.7 using a conventional Raman setup 
[9.38]. The first measurements have therefore been performed shortly after 
laser excited Raman spectroscopy became a common experimental technique 
[9.39,40]. A comparison of measured and calculated rotational scattering in- 
tensities is shown in Fig. 9.17. Exactly the same temperature dependence of 
the rotational intensities can be seen in both plots. 




Fig. 9.18. Temperature profiles in a reactor midplane for different flow rates: 
(a) 2 si min“^, (b) 4 si min~^, (c) 8 si min“^. Solid lines: measured by Raman 
scattering, dashed lines: finite element calculations with equations (11.15)-(11.22) 
with appropriate boundary conditions (taken from [9.38]) 
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For a fast online analysis of the data, (9.13) may be rewritten in the form 

/(J)=m(J)exp -n(J)^ . (9-14) 

which clearly reveals the simple dependence of intensity on temperature cor- 
responding to the Boltzmann distribution function which as a result leads to 
a linear dependence of ln(/( J)) versus n(J). This can be used very efficiently 
to generate a temperature value from intensity data immediately after mea- 
surement by linear regression. Typical errors are in the order of a few percent 
or less depending on effort. 

The result of many of such temperature measurements at different loca- 
tions within the reactor allows two or three dimensional temperature profiles 
to be generated. An example is given in Fig. 9.18 in a reactor midplane for 
different flow rates of the carrier gas. Such measurements may also be used to 
test hydrodynamical calculations. The theoretical results included in Fig. 9.18 
were generated by a finite element calculation including detailed boundary 
conditions for thermal conductivity and also heat transfer by radiation [9.31]. 
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The probing tools for epitaxial growth must of course have to be surface 
science tools. They preferably should work in real time such as to be used 
not only for analysis of equilibrium situations but also for growth control 
and, secondly, they should be applicable in vacuum as well as in gas phase 
environments. This will allow us to compare the different growth techniques 
like molecular beam epitaxy and metalorganic vapor phase epitaxy. 

The vacuum-based growth methods like MBE, CBE and MOMBE could 
take advantage in the past of the already available vacuum-based surface sci- 
ence tools, especially RHEED. As a consequence, a high degree of analysis 
and control was available from the beginning and most epitaxial structures 
and devices have been grown first and for a long time exclusively with these 
growth techniques. However, with the increasing industrial use of MOVPE, 
the desire for more control became stronger, for example in VCSEL (verti- 
cally surface emitting laser) growth and especially in nanoscale growth sit- 
uations concerned with interface engineering, nanostructures (quantum dots 
and wires) and thin interlayers. Probing devices can help us to understand 
and analyze the basic mechanism of epitaxial growth but also help for tech- 
nological growth control. 

Roughly, three groups of in situ probing devices exist: local scanning 
probes (AFM, STM) [10.1,2], diffraction probes (LEED, RHEED, GIXS) 
[10.3,4] and optical probes (linear ones like SE, RAS, LS [10.5] and non- 
linear techniques like SHG [10.6,7]). With the exception of the electron 
diffraction methods all techniques operate in vacuum as well as at higher 
pressures. The scanning probes, however, are difficult to operate under the 
high temperatures of growth and in a hot gaseous environment, because the 
scanners loose their piezoelectric properties at high temperatures. Moreover, 
in order to obtain a nearly real time analysis they have to be operated with 
extremely high scan rates or under unrealistic growth conditions. Thus, not 
many results have been reported. Nevertheless, very impressive results about 
growth morphology have been obtained [10.8-10]. 
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10.1 Scanning Microscopes 

The invention of the scanning tunneling microscope (STM) has been an ex- 
cellent example of the creation of a new research tool by innovative imple- 
mentation of scientific and technological knowledge: the quantum mechanical 
phenomenon of electron tunneling and the know-how of controlling motions 
on a nanometer scale [10.1, 2]. Figure 10.1 gives the well known set-up, where 
a piezo-driven tip scans the surface with all three coordinates controlled elec- 
tronically via a feedback loop. The success of the STM in real space visualiza- 
tion of surfaces on an atomic scale soon gave rise to the development of other 
scanning probe microscopes (SPM) exploiting other interactions than just 
electron tunneling with the surface. The most common is the atomic force 
microscope (AFM) which commonly utilizes the repulsive force between a 
tip at the end of a cantilever and the sample surface [10.2]. The scanning 
near-held optical microscope (SNOM) is another example where the higher 
resolution in the optical near held is used to obtain a microscopic image of 
the surface [10.12]. Other techniques like the magnetic scanning microscope 
are at present on their way to becoming standard tools [10.13]. STM and 
AFM are the most common ones in use. Both are commercially available for 
table-top or vacuum usage. 

All scanning microscopes operate in vacuum as well as in non vacuum 
environments. In order to image a surface the STM requires a conducting 
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Fig. 10.1. Schematic illustration of a scanning tunneling microscope (STM), (taken 
from [10.11]) 
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Fig. 10,2. Sehimatie illu§= 
tratien oi a leanning haad tor 
an in situ STM (taktn from 
[ 10 . 8 ]) 



mattrlal (mttals, stmieonduetors) sxdudlng iagulators. Tht AFM in contrast 
works with all kinds of solids. Thi rosolutlon on th© oth©r hand is in STM 
giatrally mor© local sine© ©ss©ntially only ©Isctron transf©r to or from th© 
©l©ctronlc atomic orbitals is involved (sub=angstrom resolution) whll© th© 
AFM exploiting der Waals forces is mor© susceptible to structure on 
the nanoseale (quantum dots, surface roughness). The resolution of the other 
scanning probes is in general less than that of STM and AFM. For in $itu 
studies of epitaxial growth first of all one has to take care that the tip does not 
represent an obstacle for the flux of species to the surface and thus influences 
the growth itself. Figure 10.2 showing a STM for in situ studies of MBE 
growth, Illustrates the problem. 

However, the STM studies performed so far seemed to have th© “shad= 
owing" under control. More severe, however, is a general problem that all 
the scanning probes have in operating under high temperatures. This ap= 
pears because the scanning technology relies on piezoelectric scanners which 
lose their piezoelectric properties at moderate temperatures. Therefore the 
scanners have to be shielded thermally. In the vacuum=based growth meth= 
ods this requires shielding against radiation and can be accomplished with 
metallic sheets. In the gas phase techniques, however, not only radiation but 
also the, in general, much larger heating through the thermal conduction of 
the carrier gas has to be taken into account. Moreover, in order to analyze 
the time evolution of growth extremely high scan rates are needed to push 
the time needed for one image into the growth relevant range of seconds. As 
a result most SPM studies have been performed not in situ but in an extra 
transfer chamber. There exist only very few true in situ studies of epitaxial 
growth. Figure 10.3 shows an example of a study in MBE growth on Sl(lll). 
The triangular island on Sl(lll) is growing by adding a row with the width 
of a 7x7 unit cell on the right edge. Only one report seems to have been 
given about a study in VPE growth [10.10]. Most of the BTM reports deal 
with samples which have been transferred from the high temperature growth 
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Fig. 10.3. Sequence of images show- 
ing the lateral growth of a triangular 
Si(lll) island. A row with the width 
of the 7x7 unit cell is growing along 
the right edge of the islands (taken 
from [10.9]) 



chamber to a room temperature analysis chamber and thus the question of 
how much this corresponds to the in situ growth situation always arises. In 
addition time resolution as in Fig. 10.3 cannot be reached. 



10.2 Diffractions Techniques 

Electron diffraction techniques like FEED (low energy electron diffraction) 
and RHEED (reflection high energy electron diffraction) are the standard 
methods in surface science to monitor the structure and the status of surfaces. 
Because both methods require a vacuum they can be applied only in MBE and 
its variants. In FEED surface sensitivity is reached by choosing the electron 
energy around the minimum of the electron escape depth (50-100eV see 
Fig. 10.10 below). In RHEED the electrons have high energies (5-50keV) 
and the small information depth is reached by a very small glancing angle of 
incidence (0 < '?? < 5°) as illustrated in Fig. 10.4. 

This figure also explains why RHEED in contrast to FEED is used nearly 
exclusively in MBE. RHEED is mounted far away from the sample (not in 
front like FEED) and thus does not block the molecular beams. In GIXS 
(grazing incidence X-ray scattering) the surface sensitivity is obtained by a 
very small angle (< 1°) of incidence (grazing). The penetration depth is then 







10.2 Diffractions Techniques 229 




X 



Fig. 10.4. Schematic of RHEED set-up showing the glancing angle of the incident 
high energy electrons. The inset explains the sensitivity of RHEED to morphological 
surface features: surface roughness, three-dimensional growth (taken from [10.11]) 

in the order of the atomic distances. Since X-rays do not require a vacuum 
for propagation, GIXS can also be applied to gas phase epitaxial growth. 

10.2.1 Diffraction 

For the purpose of structural analysis in a first approximation the kinematic 
theory is sufficient. There the plane monochromatic wave incident on the 
sample generates, through coherent elastic scattering, secondary waves of low 
power such that the loss of energy in the incident wave as well as scattering of 
the secondary waves can be neglected. The total amplitude is then obtained 
by integration of all secondary waves originating from the scattering volume 
as a Fourier- like integral 

A (X J p{r) ’ e~^^'^dr ( 10 - 1 ) 

where p{r) denotes the scattering density at position r and K = k — ki. 
In the case of a periodic three-dimensional distribution of scattering centers 
(crystalline solid) the result may be written in reciprocal space 

A oc f (10.2) 

G 

where G is a reciprocal lattice vector defined in terms of the unit vectors of 
the reciprocal lattice vectors ^i, Q 2 , 

G = hgi -h kg2 -h Igs- 

From (10.2) immediately the Laue conditions for diffraction 



(10.3) 
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Fig. 10.5. Reciprocal lattice and Ewald 
sphere construction for X-rays (small k- 
vector) and electrons (large /c-vector) 
(taken from [10.11]) 



G = K = k-ki (10.4) 

and the Ewald construction are derived. For the three dimensional case and 
a monochromatic wave (10.4) in general will have no solution and the Ewald 
sphere might not cut through any reciprocal lattice point. In X-ray diffraction 
(the large curvature case in Fig. 10.5 therefore only a few reflections will be 
observable. In electron diffraction because of the larger /c-vector, the Ewald 
sphere is rather flat, and many reflection spots will occur simultaneously when 
the scattering vectors match the reciprocal lattice vectors. In two dimensions 
appropriate for a surface the remaining two equations always have solutions 
(two variables: magnitude and direction of k) and in the Ewald construc- 
tion the reciprocal lattice points degenerate in one direction (normal to the 
surface), not specified, to rods which intersect with the Ewald sphere. The 
large K range of intersection (Fig. 10.6) explains the appearance of streaky 
features in RHEFD and similarly in GIXS. 




Fig. 10.6. Fwald sphere construction for a 
two-dimensional periodic structure explain- 
ing the formation of streaks in RHFFD or 
GIXS. The rods extend in the direction 
not defined in reciprocal space (taken from 
[ 10 . 11 ]) 
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10.2.2 RHEED 

A schematic setup for RHEED is shown in Fig. 10.4 which clearly displays also 
the advantages (full access to the sample) of RHEED for epitaxial growth. 
The distance between gun and screen may be of the order of 50 cm. 

The differences as compared to LEED are slightly more complex electron 
guns because of the higher electron velocities and also the higher voltages 
requiring special power supplies and vacuum feedthroughs. But because of 
the high velocities no extra voltage is required for the screen. The surface 
sensitivity (a few atomic layers) and the coherence length (the area in which 
atoms can be considered to be illuminated by a plane wave) are similar to 
LEED. The main difference occurs in the large /c- vector, which causes the 
diameter of the Ewald sphere to be much much larger than the reciprocal 
lattice constant. The very small curvature of the sphere lets it touch the two- 
dimensional rods over a large distance and gives rise to the streaks observed 
in general in RHEED. Figure 10.7 gives an example the GaAs(OOl)— /?2(2x4) 
reconstruction. 

The assurance of the right starting surface for epitaxial growth is one of 
the main applications of RHEED in MBE. The appearance of the surface 
periodicity gives evidence for the complete deoxidation of the wafer. More- 
over, from measurements of the intensity oscillations the growth rate can be 
determined (Fig. 1.6). This analysis is possible in the island growth mode 
(not in the step flow mode) where the morphology oscillates between a two- 
dimensional nucleated surface and a completed monolayer (Fig. 1.7). RHEED 
detects these changes since in the highly nucleated surface electrons are scat- 
tered out of the regular beam direction and thus cause a loss of intensity in 
the diffracted spot. Usually this kind of analysis is performed before actual 
growth takes place but not during growth since the hot hlaments in the elec- 
tron gun might lead to contaminations (carbon) in the epitaxial layer. This 
of course can be avoided by using instead of RHEED reflectance anisotropy 
spectroscopy through an optical port of the MBE chamber (Sect. 10.3.2). 



05 01 00 01 02 

tt.il 




Fig. 10.7. RHEED image of 
a /32-GaAs(001)(2x4) surface 
(taken from [10.11]) 
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10.2.3 GIXS 

Grazing incidence X-ray scattering is actually the method of choice for struc- 
tural analysis of surfaces in MOVPE. Crucial to the use of this surface sen- 
sitive X-ray technique is the availability of high brightness X-ray sources, 
preferably synchrotrons. Wavelengths in the order of the lattice constant cor- 
responding to photon energies of lOkeV are used. The high brightness of the 
synchrotron sources, allows not only structural studies but also time resolved 
analysis in a range of milliseconds. Apparative MBE arrangements for X-ray 
scattering can be found for example in [10.14]. The more difficult design 
for a MOVPE reactor for such studies is shown in Fig. 10.8. Besides verify- 
ing for the first time the ordered surface structure also in MOVPE growth 
(Fig. 10.9) morphological features like step separations similar as in RHEED 
or FEED are observed [10.4]. Monolayer oscillations in the scattering in- 
tensity for island growth mode on GaAs(OOl) have been observed as well, 
similar to RHEED and RAS [10.16-18]. These oscillations were explained 
for GaAs(OOl) to originate from the out-of-phase scattering of successive Ga 
and As bilayers. As a consequence the bulk contribution besides that of the 
toplayer cancels in general. The maximum contribution thus corresponds to 
about one completed monolayer. At half monolayer coverage, however, there 
is additional compensation between the bilayers in the islands and those of 
the surrounding terraces and thus the scattering signal is reduced. One of the 
most interesting possibilities of GIXS is concerned with diffusive scattering 




Fig. 10.8. MOVPE reactor used 
for grazing incidence X-ray scatter- 
ing studies at a synchrotron (taken 
from [10.15]) 
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Fig. 10.9. Development of sur- 
face reconstructions during the initial 
phases of MOVPE: (a) initially there 
are no reflections observable along ei- 
ther of the [hhO] azimuths, (b) after 
heating in hydrogen (10 min, 850 K) 
the surface deoxidizes and shows a 
Ga-rich (4x2) reconstruction, (c) an- 
nealing in TBAs transforms the sur- 
face into a disordered form of the 
c(4x4) structure, (d) dosing with 
TMGa results in recovery of the 
(4x2) (taken from [10.4]) 



[10.19] appearing at wavevectors k = 0. This diffusive scattering will have 
a width inversely proportional to the size of the islands and may be influ- 
enced by correlation between the islands. Results have shown larger islands 
in MOVPE than in MBE indicating a large diffusion length, a fact which 
is also compatible with the lower transition temperature from island to step 
flow growth in MOVPE. This has also been confirmed in RAS measurements. 
While the more basic work in the last decade has been mainly concerned with 
GaAs surfaces recently also the application to the technologically important 
GaN(OOOl) surface in the MOVPE environment has revealed surface recon- 
struction in the gas phase environment [10.20]. 

It is clear that time resolved, surface sensitive X-ray scattering techniques 
can yield a great deal of information of fundamental importance especially 
to vapor phase crystal growth. Nevertheless it remains a technique which is 
rarely used. Besides the complexity of epitaxial growth apparatus in com- 
bination with a high brightness synchrotron facility the great difficulty of 
introducing the highly reactive chemicals of VPE into the general user envi- 
ronment of a large scale facility puts a large barrier to VPE experiments at 
synchrotrons. 





234 10. In-situ Surface Analysis 

10.3 Reflectance Based Optical Techniques 



Optical probes, especially the linear ones, have been in use as growth monitor 
for quite some time. For the UHV techniques they deliver additional infor- 
mation with respect to the electron based techniques for gas phase growth 
they are nearly the only surface analysis tools applicable. The optical tech- 
niques moreover possess a number of advantages compared to other surface 
science tools with respect to growth monitoring: they interact only weakly 
with the surface and in general do not perturb the growth process. The 
spectral analysis of optical probes, in addition, gives chemical information 
(stoichiometry, doping) about the surface. Moreover, optical methods can be 
made fast and therefore time resolution is in general not difficult to achieve. 
With the present modulation type optical methods time resolution is limited 
by the modulation frequencies and is around 1 ms. This allows for studies 
of desorption/adsorption kinetics or growth dynamics (quantum dots). Since 
the gas phase generally absorbs radiation in the UV (molecular electronic 
transitions) and in the IR (molecular vibrations) the visible spectral range 
is the standard region for optical growth monitoring. The optical techniques 
are quite simple to install externally as long as there are windows available 
in the growth equipment. Windows are standard in the stainless steel UHV 
growth chambers and they are presently about to become standard in VPE 
equipment too. One should stress also the spectral information available in 
optical experiments. This is directly related to the material under study (elec- 




Fig. 10.10. Mean free path of electrons (left) and typical optical penetration depth 
of different solids (right) compared to typical interatomic distances (dashed line at 
the bottom) (taken from [10.5]) 
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tronic states, phonons) and thus gives chemical information (not available for 
example in STM) and identifies the material. 

Of course there are drawbacks. One of the most severe is the large pen- 
etration depth of the light. This is clearly demonstrated by a plot of the 
penetration depth dp (inverse of the optical absorption coefficient) of light 
with photon energies from 2 to 6eV (Fig. 10.10). For the three representative 
materials shown the optical penetration depth dp at its lowest value is around 
10 nm (50 monolayers) and is still much larger than the mean free path of low 
energy electrons (two monolayers). In any ordinary optical measurement, for 
instance in reflectance, the contribution of the bulk is therefore dominant. 
The surface contribution to the signal is in general negligible except for the 
near-ultraviolet range where it may reach percentage levels. Clearly, by pen- 
etration depth optics is not a surface sensitive technique. 

Nevertheless, there are possibilities, as specified in Fig. 10.11, to obtain 
surface sensitivity without the need of a small penetration depth. Surface 
sensitivity has been achieved for example with standard optical methods 
(Fig. 10.11a) like ellipsometry [10.22], infrared spectroscopy [10.23] and Ra- 
man scattering [10.24,25] (Fig. 10.11a). These methods have been developed 
today to such a high level of sensitivity and accuracy that small surface sig- 
nals can be recovered from large signals dominated by contributions from the 
bulk. Usually this is assisted by differential procedures of changing the sur- 
face, which, however, prevent in general real time analysis [10.24,26]. Exper- 
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Fig. 10.11. Possibilities of obtaining surface sensitivity with optical methods: (a) 
through different physical properties of the surface, (b) through breaking of inver- 
sion symmetry at the surface and (c) through breaking of symmetry within the 
surface (c) (taken from [10.21]) 
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imental methods falling into this category are surface differential reflectivity 
(SDR) [10.26] or surface photo absorption (SPA) [10.27], a technique named 
also p-polarized reflectance (PRS) [10.25] 

The reduction of symmetry at surfaces, however, can be exploited 
(Fig. 10.11b,c) to concentrate the signal generation to the surface. This is 
done by either non-linear techniques using two-frequency mixing (commonly 
second harmonic generation: SHG) or by the linear reflectance anisotropy 
spectroscopy (RAS). If these methods are applied in high symmetry (cu- 
bic, isotropic) materials the bulk does not or only marginally contributes to 
the total signal. Therefore these methods may be called true surface meth- 
ods in the sense of classical surface science. Fortunately, the high symmetry 
materials constitute a large part of the materials being of scientific or techno- 
logical interest and therefore these methods can be applied in many studies 
of growth. 

The application of nonlinear techniques in growth is still rare [10.6, 7] and, 
in addition, spectral capabilities are not available everywhere. Therefore, we 
will concentrate here on the linear techniques SE and RAS exploiting the 
polarization status of light. The focus will be on RAS which has been applied 
in the last decade in many growth processes under very realistic conditions. 

Besides these surface sensitive techniques often simple reflectance mea- 
surements are useful. They can be obtained sometimes more or less as a by- 
product of these methods, but also in separate measurements (reflectometry ) . 
Thereby, additional information like film thickness (through Fabry-Perot 
interferences [10.28]), morphology (via elastic light scattering [10.29,30]), 
temperature (via relative values of reflectance [10.31]) or doping [10.32] is 
obtained. 



10.3.1 Reflectance of Polarized Light 

The general scenario for the reflection of polarized light is sketched in 
Fig. 10.12 The dielectric function of the surface (of thickness d in the 
order of a few lattice constants and much smaller than the light wavelength 




Fig. 10.12. Schematic sketch of a 
surface reflectance experiment with 
polarized light (taken from [10.33]) 




10.3 Reflectance Based Optical Techniques 237 



A) is assumed to be anisotropic while the bulk is described by an isotropic 
dielectric function 

0 \ /^6 0 0 \ 

= 0 ^2/2/ 0 56 = 0 66 0 (10.5) 

V 0 0 Vo 0 ^ J 

where x, y are the anisotropic eigenvectors of the surface and z is the surface 
normal. 

Different experimental techniques are practiced in order to become sensi- 
tive to the surface dielectric function. These are sketched in Fig. 10.13. Re- 
flectance anisotropy spectroscopy measures under normal incidence the re- 
flectance for two polarizations of incident light (Fig. 10.13a), thus becoming 
sensitive to the anisotropic dielectric surface contribution. Surface photoab- 
sorption (SPA or PRS) obtains sensitivity to small changes in the surface 
dielectric properties by measuring reflectance in p-polarization near the re- 
flectance minimum at the Brewster angle (Fig. 10.13b). The general case of 
ellipsometry measures the ratio in reflectance of s- and p-polarized light also 
near the reflectance minimum at the Brewster angle (Fig. 10.13c). By rotation 
of the sample the anisotropic surface part can be determined too. 

For normal incidence {<j) = 0) one obtains the result for the complex 
reflectance anisotropy with Ar = Vxx ~ ^yy [10.34]; 




Fig. 10.13. Schematic illus- 
tration of surface sensitive 
linear optical methods uti- 
lizing polarized light (taken 
from [10.21]) 
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(10.6) 



where 6a, Ua denote the dielectric function and the refractive index of the 
ambient. 

For interpretation and comparison to theory it is especially useful (but 
very seldom performed) to extract the surface dielectric anisotropy (Sxx — ^yy) 
from this expression because this is the material property of the surface 
layer. The reflectance on the other hand is geometry dependent and secondly 
contains the bulk dielectric function Sb which introduces an additional spec- 
tral dependence. In order to extract the desired surface dielectric anisotropy 
(SDA) Ae = Sxx ~ ^yy one needs of course the dielectric function of the bulk 
Sb^ which can be obtained from an ellipsometric measurement at oblique in- 
cidence. The measured quantity in ellipsometry is the complex ratio p of the 
reflection coefficients defined by 



pSE = — = tanlFe*^. 
Ts 



(10.7) 



It is related to the dielectric functions and the other experimental param- 
eter as given in the following equation [10.34] 
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• 77-a cos0csc(2P) — sffi^ 0 cot(2P)) sin(2a))] } , 

where p^ is the ratio of the reflection coefficients for the bare substrate, 
^ = {^xx + ^?/?/)/2 the isotropic part of the surface dielectric function and P is 
the polarizer angle. The other quantities are defined in Fig. 10.12 and (10.5). 
This lengthy equation is first of all quoted here to indicate the more complex 
experimental nature (exact knowledge of the angles) of an ellipsometric mea- 
surement compared to the simpler normal incidence (0 = 0) RAS technique. 
Nevertheless, (10.8) also contains {Sxx ~ ^yy) and thus can be utilized to 
measure the surface anisotropy. This has been exploited for the observation 
of monolayer growth oscillations [10.35,36] or for the determination of the 
isotropic surface dielectric function [10.37,38]. As can be seen from (10.8) 
the coefficient of {sxx ~ ^yy) varies with experimental geometry (cr) and can 
be also made zero. 

The change in p-polarized reflectance induced by a change of the surface 
(reconstruction or adsorbate) is given similarly by 
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Fig. 10.14. Cross-section 
(in flow direction) through 
a MOVPE reactor with SE 
and RAS attached (taken 
from [10.21]) 




where the indices (1) and (2) indicate the different surfaces, appears 

in the expressions for non normal incidence (see also (10.8)) since the nor- 
mal component of the light electric field is reduced by l/e^^ by the induced 
surface charges. For practical purposes these terms are therefore in general 
neglected. For a more general description of the methods the reader is referred 
to [10.5,34,39,40] where also experimental details are discussed. 

Typical set-ups combining the growth apparatus and the optical equip- 
ment are shown in Fig. 10.14 for a MOVPE reactor and in Fig. 10.15 for a 
MBE apparatus. The epitaxial reactors have to be fitted with three windows: 
one for normal incidence reflectance and two allowing for reflectance at an- 
gle (j) around 70 °. They have to be of low strain in order not to influence 
the polarization status of the light, a fact which often complicates the anal- 
ysis considerably or even makes it impossible. Experimentally one has to 
deal also with rotating substrates. A simple rotation usually simplifies the 
analysis because background polarization, e.g., by strained windows can be 
easily eliminated because the rotation modulates the electronic signal [10.41]. 
However, the rotation also introduces new problems through wobbling of the 
rotational axis. This has to be taken care of either mechanically in the rota- 
tion construction or with additional optics (anti- wobble mirror). With multi 
wafer planetary motion, found especially in commercial reactors, however. 
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Fig. 10.15. MBE 

equipment with RAS 
apparatus attached 
(taken from [10.21]) 



the signal extraction becomes considerably more complicated since in addi- 
tion the substrates and their orientations have to be recognized. However, 
this technical problem has been solved [10.42,43]. 

10.3.2 Reflectance Anisotropy Spectroscopy (RAS) 

Reflectance anisotropies at semiconductor surfaces were already measured 
in 1966 by Cardona et al. by rotating a sample (Si(llO)) around the surface 
normal, a technique which they called rotoreflectance [10.44]. The RAS mea- 
surement is basically an ellipsometric measurement performed just at near 
normal incidence (Fig. 10.13). Therefore, names referring to the experimental 
arrangement like perpendicular incidence ellipsometry (PIE) or Normal Inci- 
dence Ellipsometry (NIE) have also been used for this technique [10.45,46]. 
The principal experimental setup described here (Fig. 10.16) and which today 
is nearly used everywhere, was basically developed by Aspnes and coworkers 
[10.47,48]. They were also the first to recognize the potential of anisotropic 
reflectance with respect to surface science and epitaxial growth. The success 
of their setup is essentially founded in the use of the photoelastic modula- 
tor, which avoids mechanical rotations (as in ellipsometry with the rotating 
analyzer) and allows a high modulation frequency (50 kHz). 

The incident light is polarized midway between the two eigenvectors of 
the surface. In the absence of any anisotropy the linear polarization is then 
restored in the reflected beam, which is then linearly polarized along the 
principal axis of the photoelastic modulator. As a result the output is not 
modulated by the PEM and there is no modulated RAS signal, just a DC 
signal corresponding to <r>. In case the reflectance is different along the 
principal axes it will cause a change in amplitude and/or phase and a phase 
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modulation will result behind the PEM. This is converted to an intensity 
modulation by the analyzer. The setup thus works as an optical null bridge. 
By using the Jones matrix formalism one obtains in lowest order for the ratio 
between the AC and DC signal at the detector [10.47] 



A/(t) 

I 



= 2 




+ 2 




• • sin cut 

' J 2 {^c) • cos2c<;t 



( 10 . 10 ) 



where uj is the modulation frequency of the PEM, 5c is the retardation due to 
the modulator and Ji and J 2 are Bessel functions. The correction terms due 
to non ideal polarization and due to window strain have been neglected here. 
The latter influence most seriously the phase and thus appear dominantly in 
the imaginary part. By measuring in two sample positions (rotation) it can 
be eliminated. 

The schematic set-up in Fig. 10.16 allows the real as well as the imaginary 
part of the RAS signal to be evaluated by detecting according to (10.10) the 
signal at 2uj and a; respectively. This is a very useful feature since it allows 
us to do a Kramers-Kronig consistency check on the data. This setup or very 
similar versions are now in use in several research laboratories around the 
world and are also commercially available. A detailed discussion and a com- 
parison of this configuration with those using rotating samples or analyzers 
is given in [10.39,47]. 

A typical RAS spectrum can be recorded in a few minutes limited by the 
time to scan the monochromator and additionally optimizing the phase shift 
of the PEM at every wavelength. Thus, at present real-time monitoring of 




Fig. 10.16. Diagram of a RAS setup utilizing a photo-elastic modulator (PEM) 
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growth is hardly feasible utilizing the full spectral range. This problem of 
course can be overcome by the use of optical multichannel analyzers (CCD). 
Presently, the detection of changes in the RAS signal at a fixed photon en- 
ergy can be performed within 100 ms or less. From such transients taken at 
different photon energies RAS spectra can be assembled and photon energies 
identified at which maximum changes occur during growth and which are 
suited for growth control. 

The technique can be further improved [10.50] by using different sample 
alignments (i.e., angles unequal to 45°) in order to eliminate the offsets. If 
possible in the experimental apparatus, an elegant way of doing this is by 
introducing an additional modulation through a slow rotation of the sample 
at approximately 0.1 Hz. These approaches allow systematic errors in the 
determination of the RAS signal to be eliminated. Accurate values of Ar/r 
may then be converted into the surface dielectric anisotropy A(e • d) with d 
being the thickness of the surface layer using [10.50] 

A more complicated situation arises in the analysis of RAS if layer sys- 
tems are under consideration (Fig. 10.17). In this case multiple reflections 
have to be taken into account. However, in the case of RAS they have to be 
calculated separately for the two polarizations along the surface eigenvectors. 
Anisotropic properties may occur in such a multilayer system not only at the 
surface but also at all interfaces: 
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Fig. 10.17. Schematic sketch of an anisotropic overlayer on a substrate with an 
anisotropic interface. The index -“o” marks the properties of the overlayer (taken 
from [10.52]) 
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Ill-V-semiconductor systems consisting of two layers (InGaAs/InP [10.51] 
and AlAs/GaAs [10.52]) have been studied. Anisotropies at the interface as 
well as on the surface were found. In the case of a Si/Si02 layer system in 
contrast Yasuda et al. found that only anisotropy at the Si/Si02 interface 
has to be considered [10.53]. The analysis requires in any case RAS spectra 
taken at several layer thicknesses. This of course can be done easily during 
real-time studies. In ex-situ studies a number of samples with different layer 
thicknesses should be available. 



Experimental Results. Most experiments and as well theory up to now 
have been performed in Ill-V-semiconductor growth. Examples from this 
area will be discussed. However, studies on II- VI compounds [10.54-56], 
group IV semiconductors [10.57] and metals [10.58] have been performed as 
well. 

The main success of RAS originates from the fact that typical spectra 
correlate with certain surface reconstructions and secondly that under stan- 
dard growth conditions the spectra appear identically in MBE and MOVPE. 
Thus the diffraction techniques (RHEED) in MBE can be utilized to define 
the RAS spectra in terms of surface reconstructions. Figure 10.18 gives an 
examples of GaAs growth where spectra taken in MOVPE and MBE growth 
equipment under group V element stabilization at different temperatures are 
shown [10.5]. At the higher temperatures minor differences between MBE 
and MOVPE are of the same order as the possible wafer to wafer variations. 
At lower temperatures in MOVPE differences might occur since the decom- 
position of precursors is no longer complete and in addition to the III and V 
elements other molecular groups may adsorb on the surface. Surface recon- 
structions not even possible in MBE may be obtained. These special features 
can be exploited for example in intrinsic carbon doping at low V/III ratios 
with TMGa [10.32]. 

This equivalence at standard conditions between RAS spectra in MOVPE 
and UHV-based growth techniques allows us then to assign the surface recon- 
struction found with RHEED or LEED in the latter also to the corresponding 
MOVPE surface with the same RAS spectrum. This was first done for GaAs 
[10.59]. That this procedure seems to be correct has been verified also by 
the application of GIXS in MOVPE in a few cases [10.4,18,60]. From such 
studies correlations between surfaces and RAS spectra have been established 
like the one for GaAs shown in Fig 10.19. 

Thus RAS can fulfill in MOVPE and MBE the same function as RHEED 
has, namely to identify and define the starting surface. This includes deoxida- 
tion of the substrate, and setting temperature and group V-partial pressure. 
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For practical growth purposes we show here the very important task of wafer 
deoxidation with the example of InP(OOl). 

There are some advantages using RAS as a RHEED replacement in UHV 
growth system. The RAS can be added externally without breaking the vac- 
uum and moreover since no electron gun is involved there is not the problem 
of contamination, which is the reason for switching off the RHEED in serious 
growth experiments. 

There are other advantages. One is related to the fact that the surface 
area needed to create a typical RAS spectrum is much smaller (a few unit 
cells) [10.61] than the one needed for a diffraction pattern (100 unit cells). 
This appears because optics is more sensitive to near range order than the 
long range measured in a diffraction experiment. This manifests itself in the 
speed in which RAS and RHEED react to changes in surface structure, RAS 
being much faster than RHEED which needs the time to establish the long 
range order. In simultaneous RAS and RHEED experiments like the ones 
displayed in Fig. 10.18 RHEED often gives a diffuse pattern since the size of 
the corresponding domains becomes too small for generating a clear diffrac- 
tion pattern. This is the case for example in the range between the c(4x4) 
and the /?2(2x4) while RAS shows well defined spectra. In fact these spectra 



MOVPE 




Energy (eV) 



MBE (MOMBE) 




RHEED 

(2x4) 



c(4x4) 



Energy (eV) 



Fig. 10.18. RAS spectra from GaAs(OOl) surfaces at different temperatures under 
group V element stabilization in MOVPE and MBE. The marked curves represent 
RAS spectra for the (2x4) and c(4x4) reconstruction (taken from [10.33]) 
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Fig. 10.19. RAS spectra of different GaAs(OOl) surface reconstructions (taken 
from [10.21]) 



can be described by a linear combination of the two marked spectra ((2x4), 
c(4x4)), and thus serve to define the intermediate surfaces quantitatively in 
terms of the two reconstructions present. Figure 10.20 shows two such fits 
which give 40% and 80% c(4x4) contribution, respectively to the surface 
coverage [10.62], a change occurring with a 5K substrate temperature vari- 
ation! Although the GaAs(OOl) surface has been discussed here mostly as 
the best studied example, other semiconductors and metals have been un- 
der investigation as well. RAS result, have been reported for example for 
InP(OOl), GaP(OOl), GaSb(OOl), InAs(OOl) and many non-(001)-GaAs sur- 
faces (see [10.21]). Similarly but not so intensively II- VI semiconductors have 
been studied [10.55]. All surfaces give characteristic features and also sim- 
ilarity between surfaces in MBE and MOVPE seem to hold, (lll)-sur faces 
in contrast by their threefold symmetry should not give any anisotropic sig- 
nal. Si(OOl), on the other hand, as one of the most important semiconductor 
surfaces, cannot be well characterized by RAS since it usually forms monos- 
teps and thus the contribution of (nxm) reconstructions on one half of the 
terraces is always canceled or at least strongly compensated by (mxn) recon- 
structions on the other terraces [10.63]. While the application of RAS was 
first in semiconductors, in the last few years also metals have been studied 
(see [10.58]). 
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Fig. 10.20. Spectra from MOVPE surfaces between the (2x4) and c(4x4) re- 
constructions of Fig. 10.19 at BOOK and 805 K. They can be represented by linear 
combinations of (2x4) and c(4x4) with percentages as given in the top of the figures 
(taken from [10.21]) 



Besides having established, by empirical correlation, RAS as a surface sci- 
ence tool for cubic solids, the next question is of course: do we understand the 
spectra? The answer is to a certain extent yes; however, many features are 
still not understood. The theoretical problem is that simple models just based 
on surface dimers do not work. Tight binding calculations have given a first 
satisfactory description of RAS spectra for GaAs [10.64]. Similarly, the first 
use of ab initio theory in the GW approach has shown promising results for 
the GaAs(llO) surface [10.65]. Very recent application of an approximated 
GW method (GWA) [10.66] has been quite successful in describing the low 
temperature RAS spectra of InP(001)-(2x4) [10.67]. However, the more com- 
plex GW ab initio approach together with the large number of atoms in the 
surface supercells is presently at the computational limits. Thus, not many 
results have been produced up to now. Thus one is far away from a situa- 
tion were one could predict the response or model spectra. The application 
of RAS in epitaxial growth analysis, therefore, still relies on the experimen- 
tally established relations between reconstructions and spectral features in 
the RAS spectra. 

The large amount of fundamental scientific knowledge available already 
for the III-V semiconductors has pushed, on the other hand, the introduction 
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Fig. 10.21. RAS spectra (a) taken in real time during growth of a layer structure 
for a heterobipolar transistor (HBT) (b) and (c) are difference RAS spectra to (a) 
with a different doping (b) and differences in cooling (b, c) (taken from [10.70]) 

of RAS into technological applications. HBTs (hetero bipolar transistors) 
and VCSELs (vertically surface emitting laser) have been successfully grown 
under optical control [10.68,69]. We show as an example the growth of the 
layer structure for a hetero bipolar transistor (HBT) in Fig. 10.21. Clearly the 
different layers can be recognized (also different doping) and can be utilized 
for example to control deviations from a reference HBT in series production. 
Moreover, the first commercial RAS equipment interfaced with a commercial 
epitaxial MOVPE reactor is now on the market. The goal there is of course 
not just monitoring but also to have in the future automatic control at least 
for some steps of growth. For that purpose the optical signals will be fed back 
to the flow controllers for the precursor. 

10.3.3 Ellipsometry 

In ellipsometry we determine the average optical response (Fig. 10.22) of a 
material over the penetration depth of the light. This general response is 
described by the ellipsometric angles (see (10.7)). For a semi infinite, homo- 
geneous material one can extract the dielectric function from those ellipso- 
metric angles in terms of a two-phase model (bulk material with dielectric 
function e and vacuum) as 
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e = sin 
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tan^ (j) 



(10.14) 



However, since surfaces have different optical properties a two-phase model 
is never correct. Nevertheless, the evaluation with (10.14) is very simple and 
the description with a dielectric function of a homogeneous bulk is quite often 
a very good approximation that (10.14) is used. One designates in this case 
the result as the pseudo- or effective dielectric constant <e> and writes then 
for a non homogeneous bulk 



<e> = sin^ (f) 



1 + 






tan^ (j) 



(10.15) 



This is often quite useful since the characteristic spectral features from 
electronic interband transitions can still be recognized and used for a first 
interpretation (direct inspection method [10.71]). In case the deviation from 
a homogeneous bulk is larger than just a thin surface layer (multilayer struc- 
tures) of a non-semi-infinite bulk these effective dielectric functions may also 
contain geometrical contributions, e.g., interference from the coherent su- 
perposition of partially reflected waves. The description with an effective 
dielectric function is then less useful. If the geometrical structure is known 
(layer thicknesses in a multilayer structure) as well as first approximations 
of the dielectric function, optical layer models (multi phase models) can be 
utilized to simulate in a forward calculation the optical response of the struc- 
ture. Such models are based on the superposition of electromagnetic coher- 
ent plane waves [10.72] and are included in the software packages of today 
standard commercial ellipsometers. They also include the effective medium 
(Maxwell- Garnet [10.73], Briiggeman [10.74], Looyenga [10.75] or Bergman 
[10.76]) modeling of materials (layers) with an inhomogeneous two-phase 
mixture for situations like porous silicon (vacuum and crystalline silicon) or 
interface / surface roughness. These models are also applied then in general 
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to simulate surface or interface roughness. A schematic setup for ellipsometry 
is shown in Fig. 10.23 

The importance of ellipsometry for growth monitoring is especially related 
to situations where RAS cannot be applied, that is optical isotropically re- 
constructed surfaces like often the (111) surfaces of cubic materials or equiv- 
alently (0001) surfaces of hexagonal crystals. Moreover, for the deposition of 
non crystalline layers SE is the monitoring device of choice. The apparative 
realization requires low aperture beams in order to have well defined angles 
of incidence (0 in Fig. 10.22) and therefore the illumination as well as the de- 
tection part may be rather long or in case the long beams are folded, rather 




XBO-lamp 



Fig. 10.23. Optical layout and set-up of a spectroscopic ellipsometer with the 
example of a MOVPE reactor (taken from [10.77]) 
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bulky. The polarization status is measured either with phase modulation like 
in RAS or with a rotating analyzer. The former one is somewhat faster than 
the latter; however, a higher accuracy is reached more easily in the latter. The 
rotating analyzer version is realized in the majority of ellipsometers. Depend- 
ing on the optical constants one has to measure it can also be useful to add 
a phase shifter (retarder) in order to increase the accuracy of measurement. 
A detailed discussion can be found in [10.39]. 

Since ellipsometry is a technique more than 100 years old there exist 
countless reports on surface and adsorption studies. With the advent of small 
computers ellipsometry also became capable of growth monitoring and one 
of the first reports was concerned with growth of AlGaAs heterostructures 
[10.78,79]. A single wavelength helium neon laser was used for faster moni- 
toring. The by now classical result is shown in Fig. 10.24. Monitoring over a 
wider spectral range is desirable for interpretation but requires at least the 
time needed to scan the monochromator similar as in standard RAS equip- 
ment. However, also fast multichannel ellipsometers are available today and 
spectral real time studies should be in principle no problem. 

The dependence of the dielectric function on stoichiometry allows for mon- 
itoring and control in ternary or quaternary compounds. For that purpose the 
ellipsometric signal is utilized to control the mass flow controllers and thus 
exercise closed loop control. Examples are the growth of a parabolic quantum 
well [10.80] and the growth of lattice matched InGaP/InP heterostructures 
[10.81]. 

The growth of (OOOl)-GaN (and other nitrides) represents a very im- 
portant case for ellipsometry where RAS cannot be applied because to the 




Fig. 10.24. Real-time examination of AlGaAs -GaAs heteroepitaxy (solid line). 
The long dashed line is the (Z\,?Z^) locus calculated for an abrupt interface. The 
short dashed line assumes a 29 nm linear transition region (taken from [10.78]) 
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present knowledge the surface reconstructs optically isotropic. Recent work 
with ellipsometers extending also into the VUV because of the high bandgap 
of GaN have shown successfully that growth and especially the important 
nucleation layer growth process can be analyzed [10.82,83]. Similarly ellip- 
sometry helped to establish growth procedures for MOVPE of InN [10.84]. 

One important application of ellipsometry concerns morphology related 
effects. Roughness effects on the ellipsometric spectra are well known and 
effective medium approximations are used in many applications to quan- 
tify the surface or interface roughness. For most epitaxial growth situations 
today directed to the growth of atomically flat layers roughness is not a 
major topic. However, for the growth of nanostructures morphological ef- 
fects are desired and it has become important to create substrates with 
large steps by step bunching or to utilize the Stranski-Krastanow growth 
modus to generate quantum dots. In such situations ellipsometry can give 
complementary information to RAS which mainly detects the material spe- 
cific surface reconstructions. Figure 10.25 shows SF and RAS spectra taken 
during the growth of In As quantum dots on GaAs. In the submonolayer 
deposition regime RAS exhibits an immediate strong response (the surface 
reconstruction from GaAs(001)-c(4x4) towards InAs(001)-(2x4) [10.86,87]. 
SF in contrast hardly changes (see insert): the effective dielectric function is 
not much affected by a monolayer (ML) of a material with similar dielectric 
contribution. However, after the formation of quantum dots around 2 ML a 
20% decrease of the signal at 4.5 eV is observed. Now the gas phase with 
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Fig. 10.25. RAS and SE spectra for deposition of up to 4 InAs monolayers on 
GaAs(001)-c(4x4) (taken from [10.85]) 
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time [s] 

Fig. 10.26. Time dependence of effective dielectric function (top), reflectance (mid- 
dle) and RAS (bottom) during deposition of 4 ML InAs on GaAs(OOl) with three 
different growth rates (taken from [10.85]) 



dielectric constant of approximately 1 contributes a major decrease to the 
effective polarization. The transition point from 2d to 3d growth determined 
by ellipsometry from the transients in Fig. 10.26 agrees excellently with that 
determined by RHEED as was shown in simultaneous measurements [10.88]. 
The losses due to light scattering indicated in that figure are a measure of the 
QD size: the larger the losses the larger are the QD caused in this example 
by the low growth rate. 

It should be mentioned that in case of anisotropic surface reconstructions 
the anisotropic part of the surface dielectric function of course can also be seen 
by ellipsometry (10.8) and indeed monolayer oscillations have been measured 
[10.35,36]. 
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10.3.4 P-polarized Reflectance Spectroscopy (PRS) 

Surface Photoabsorption (SPA) 

SPA or PRS are essentially the same techniques [10.27,89]. In these methods 
the p-polarized reflectance is measured at or near the Brewster angle. The 
sensitivity originates from a modulation of the surface structure similarly 
as in differential reflectivity spectroscopy (DRS) [10.90] but under oblique 
angles near the Brewster case. This method was developed by Kobayashi 
and Horikoshi who coined the more common name surface photoabsorption 
(SPA) [10.91]. Its main application lies in non stationary growth techniques 
like atomic layer epitaxy. 

In the SPA experiment the light hits the sample surface at a very shallow 
angle of typically 70° with respect to the surface normal. For most semicon- 
ductors this is close to the Brewster angle at which the bulk contribution to 
the reflected intensity is minimal (a few percent) for light polarized parallel to 
the plane of incidence. One may therefore expect that any modification of the 
surface which alters the surface reflectivity will reveal itself most markedly 
in a change of reflectance for p-polarized light. 

The experimental setup is sketched in Fig. 10.27. The SPA technique has 
been applied to growth methods like atomic layer epitaxy (ALE) which al- 
ternately supply the group III and V elements in quantities which allow one 
atomic layer to be formed upon deposition. Such an approach is also feasi- 
ble in MBE, e.g., by supplying elemental Ga and AS 4 molecules alternately 
as well as in MOVPE when the constituents are supplied in their gaseous 
form as, e.g., TMGa and ASH 3 . The former method is also called migration- 
enhanced epitaxy (MEE) while the latter in a more general sense has also 
been named flow-rate modulation epitaxy (FME). According to this growth 




Fig. 10.27. Schematic diagram of a possible SPA experimental setup (taken from 
[10.92]) 
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Fig. 10.28. RHEED and SPA intensities for MEE growth of GaAs. Ga and As MBE 
cell shutters are opened alternately at 1.8 s and 8.2 s, respectively. 1.8 s corresponds 
to a number of Ga atoms equal to the number of surface sites. A He-Gd laser 
[h ^ u = 3.814 eV) was used. The azimuth of incidence is [110] for both techniques 
(taken from [10.91]) 



procedure the surface is alternately terminated by either Ga or As, respec- 
tively. Consequently, the SPA signal may be defined as: 

SPA = ~ (10.16) 

<K> 

where i?ca and Ras are the absolute reflectance intensities of the Ga- and 
As-terminated surfaces, respectively, and <R> is the average reflectance. 

Figure 10.28 shows as a typical example the kind of signal obtained in 
SPA/PRS. The oscillating signal structure results from the alternate pulsed 
fluxes of Ga and As. They generate different surface reconstructions with dif- 
ferent translational periodicities (RHEED signal) and surface polarizibilities 
(SPA signal). This oscillatory behavior appearing because of the pulsed flux 
structure should not be confused with the oscillatory behavior related to the 
monolayer growth oscillations observed during stationary growth by RHEED 
or RAS as described before. 

Measurements of the spectral dependence of the SPA signal have been 
performed mainly on different GaAs surfaces but also for the growth of het- 
erostructures [10.93]. 

In spite of its high sensitivity a drawback of SPA compared to RAS is of 
course that SPA measures only the difference between different surfaces but 
is not capable of characterizing a certain surface. Its main application lies 
therefore in epitaxial growth techniques like ALE, FME or MEE where the 
precursor does not flow continuously through the reactor but instead a gas 
switching procedure is employed. 
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10.3.5 Reflectometry 

Reflectometry uses the simplest normal incidence arrangement to measure 
the reflectance. This can be achieved for example with the DC channel of 
a standard RAS setup. But a dedicated setup containing just light source, 
monochromator and detector may be designed to be rather small. Reflectance 
measurements are extremely useful for layers with optical thicknesses in the 
order of the wavelength of the light. The resulting Fabry-Perot interference 
structure allows for very accurate thickness or growth rate determination 
[10.94]. Figure 10.29 shows the importance of such in situ measurements for 
optimizing VCSEL laser structures [10.68]. As a consequence of this it was 
found afterwards that VCSEL #1 showed no cw operation while VCSEL #2 
produced 0.16 mW. The temperature dependence of the dielectric function 
can moreover be exploited to serve for in situ measurements of surface tem- 
perature, the true temperature for growth [10.95]. A recent report shows 
that the temperatures given by the indicators of epitaxial equipment, usually 
derived from thermocouples in the substrate holders, might differ by up to 
50° C around 600° C from the true temperature [10.31]. This is certainly not 
acceptable by today’s epitaxial technology. 
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Fig. 10.29. In situ reflectometry data taken during growth of a VCSEL structure, 
(a) Center wavelength of the Bragg reflectors slightly misaligned with respect to 
each other (dashed vertical lines), (b) well-aligned Bragg reflectors (taken from 
[ 10 . 68 ]) 
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10.4 Other Optical Techniques 



10.4.1 Laser Light Scattering (LLS) 



Laser light scattering (LLS) is a mostly qualitative but very simple and use- 
ful technique to monitor the surface morphology. The experimental arrange- 
ment consists of a laser directed at the growing surface and a light detector 
(photodiode) which samples the light intensity outside the direction given 
by specular reflection. Irregularities at the surface are responsible for this 
scattered light. 

The surface roughness can be described by a height function z{x^y) where 
X, y are the coordinates within the surface and 2 : gives the height of the irreg- 
ularities. For a flat surface one has z{x^y) = 0. The goal of the experiment 
is to determine z{x^y) from the angular distribution of the scattered light. A 
convenient description for this purpose is given by the Fourier transform of 
z{x,y) 

4>{k) = F{z{x,y)). (10.17) 

This defines the power spectral density function (PSD) 

PSD(fc) = (f){k) - <p*{k) = \<p{k)\^ (10.18) 



which gives the spatial roughness frequencies (the phase information, how- 
ever, is lost) and is identical to the Fourier transform of the autocovari- 
ance function (nonnormalized autocorrelation function). FSD(k) describes 
the scattered power p in terms of the incident power P per solid angle [10.96] 

^=OFPSD(fc). (10.19) 

The factor OF describes the optical response of the material. It can be ex- 
pressed analytically in certain cases. For example for a situation where the 
surface irregularities are small against the wavelength of the light 
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Fig. 10.30. Schematic sketch of a 
light scattering experiment for def- 
inition of the quantities in (10.20) 
(taken from [10.]) 
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with the angles as defined in Fig. 10.30. 

Such an analysis requires, however, the measurement of the angular 
dependence of the scattered light, a task difficult to perform in the epitaxial 
growth environment. Therefore, in general only monitoring at a fixed an- 
gle as a function of time is performed and the result is interpreted more 
or less within the philosophy: the larger the scattering intensities the larger 
the surface roughness. Nevertheless this gives valuable information on the 
time development of the morphology and thus many reports also utilizing 
LLS data among others have been published [10.93,97-103]. LLS may also 
be strongly anisotropic and so indicates anisotropic morphologies [10.105]. 
Such contributions have also been observed superimposed on RAS signals 
(see Fig. 10.25). As far as the sensitivity to morphological features is con- 
cerned it has been found that LLS can detect correlation lengths between 
0.5 and 10 wavelengths and can have a height resolution of a few atomic 
steps (nanometers) [10.101]. An experimental example is shown in Fig. 10.31 
[10.30, 104]. Such data could be interpreted in terms of the formation of dislo- 
cations (from 4 min growth time on in Fig. 10.31). A study performed during 
GaAs growth has shown also that oscillations periodic with the growth of a 




Fig. 10.31. Evolution of light scattering intensity along the [110] direction during 
growth of Ino. 18 Gao. 82 As on GaAs at 490° C (spatial frequency 5.4 |^m“^). The inset 
shows intensity oscillations due to interference of light scattered at the interface 
and at the surface. The increase of the LS signal indicates the formation of misfit 
dislocations from 50 nm (approximately 4 min) on (taken from [10.104]) 
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GaAs monolayer can be observed [10.106]. The existence of such oscillations 
opens, similar as in RAS, new possibilities for growth control. 

The LLS technique which is simple in its setup certainly requires addi- 
tional information as for instance supplied by STM/AFM pictures in order to 
explore the origin of the scattering intensity changes. It is basically limited to 
the investigation of surface roughness. This, however, affects the signals pro- 
vided by RHEED and RAS. It therefore seems that this easy to use technique 
is a very useful complementary diagnostic tool for in situ growth studies. It 
would certainly help to obtain a better understanding of the damping ob- 
served in RHEED oscillations and the roughness induced changes in RAS 
spectroscopy. 

10.4.2 Second Harmonic Generation (SHG) 

When two strong electromagnetic fields of frequency uj interact with matter 
they can combine to produce a field of frequency 2uo. This non linear process 
is called second harmonic generation (SHG). It is coherent and the radiating 
fields have well-defined directions. For example, SHG in the usual reflection 
geometry emerges along the path of the primary reflected beam and it can 
easily be separated from the light with frequency uo by the use of appropriate 
Alters. Since SHG is of higher order, however, the cross-section for such three- 
wave mixing is low, with typically one signal photon per 10^-10® incident 
photons. In a macroscopic picture SHG can be described by 

P(2w) = E{uj)E{lj) (10.23) 

where is a second rank non linear susceptibility tensor. There are bulk 
as well as surface contributions to this tensor. In the electric dipole approx- 
imation this susceptibility vanishes for the bulk of materials such as Si or 
Ge because of their inversion symmetry. There may, however, be bulk con- 
tributions of higher order like magnetic dipole and electric quadrupole terms 
but these are typically some orders of magnitude smaller than the electric 
dipole contribution [10.107]. The reduced symmetry at a surface or interface 
can then lead to a considerable surface (interface) SHG signal which is often 
comparable to the higher-order bulk contribution [10.108]. Information on 
the surface structure can be deduced by an appropriate choice of the sample 
geometry and the polarization vectors [10.109-113]. 

SHG has been widely used to study surfaces and interfaces of materials 
with inversion symmetry such as centrosymmetric materials. The potential of 
the technique for surface analysis and growth has been reviewed in [10.7, 114]. 

Compound semiconductors like GaAs, on the other hand, do not have 
inversion symmetry in the bulk. As a result the bulk contribution to the 
SHG signal is usually dominant and exceeds the surface contribution by 
several orders of magnitude [10.115]. For that reason experimental results 
for compound semiconductors are very limited. Growth related SHG studies 
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Fig. 10.32. Room temperature SHG signal {Rpp{2u)) as a function of two-photon 
energy for Ge deposition on Si(OOl) in UHV. The coverage is increasing from 0 to 
2 ML (top five spectra). The Ei-gap intensity increases by the replacement of Si-Si 
dimers by Si-Ge and Ge-Ge. (taken from [10.114]) 



on Si(OOl) can be found in [10.114,116] and for GaAs growth by MOVPE 
[10.117]. 

The example in Fig. 10.32 implies that SHG could be a useful tool for 
the in situ investigation of growth. However, as pointed out above the SHG 
signal intensity is fairly weak and the high laser powers involved may influ- 
ence the growth. Thus it seems questionable whether it is a suitable method 
for real-time growth monitoring at elevated temperatures. Nevertheless, the 
development of SHG in this area is continuing. In particular, tunable light 
sources may lead to a better understanding of SHG by spectroscopy and may 
give further enhancement of the surface SHG signal when the photon energy 
is tuned into resonance with surface electronic states. 

10.4.3 Raman Spectroscopy 

Raman spectroscopy as a higher-order optical process is, by sensitivity, 
certainly not so well suited to determine vibrational frequencies of ad- 
sorbed molecules but is sufficiently sensitive to determine material properties 
through measurement of phonon frequencies, linewidth or intensities. Bulk as 
well as surface phonons may be detected with a very high (0.1 meV) spectral 
resolution. 

In Raman spectroscopy, inelastic light scattering processes are analyzed, 
i.e., scattering processes in which energy is transferred between an incident 
photon with energy hu;[ (incident) and the sample, resulting in a scattered 
photon of a different energy HlUs (scattered). The amount of transferred en- 
ergy corresponds to the eigenenergy hf2j of an elementary excitation labelled 
“j” in the sample, e.g., a phonon, a polariton, a plasmon, a coupled plasmon- 
phonon mode or a single electron or hole excitation. A Raman spectroscopy 
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experiment thus yields the eigenfrequencies of the elementary excitations 
through the analysis of the peak frequencies lJs in the scattered light, since 
the frequency of the incident light u 0 [ is well defined by the use of a laser-light 
source. Energy conservation yields: 

hujs = ± hQj. (10.24) 

Here the ” sign stands for those Raman processes in which an elementary 
excitation is generated. These processes are called Stokes processes. Those 
which imply the annihilation of an elementary excitation correspond to the 
sign. They are referred to as anti-Stokes processes. In most experimental 
investigations only Stokes processes are studied. 

In analogy to energy conservation, the quasi-momentum conservation law 
gives the correlation between the wave vector of the incident light, of 
the scattered light and the excitation wave vector qj\ 



kg — Ajj i Qj 



(10.25) 



Since the light wave vectors are small compared to the size of the Brillouin 
Zone (or equivalently Aught ^ lattice constant) only phonons in the center of 
the Brillouin Zone are observed {k = 0). The conservation of momentum is 
an idealized picture which may be limited in real experiments. This can occur 
through attenuation of the wave or inhomogeneities (impurities, dislocations) 
of the sample. Such limitations reflect themselves in broadening of the Raman 
line. 

In the dominant Raman-scattering process in solids the interaction be- 
tween the photons and the elementary excitations is indirect. It is mediated 
by electronic interband transitions, because these transitions define the dielec- 
tric susceptibility x in the visible spectral range, where Raman experiments 
are usually performed. Raman scattering occurs when the interband transi- 
tions are influenced by a phonon excitation for example. The generation of 
scattered light with frequency uj^ by incident light with frequency lJ[ can be 
described by a generalized dielectric susceptibility tensor x(<^i 7 ^s)- 

P(a;s) = 6ox(^i,u;s)^^(^i). (10.26) 



Here P{uJs) is the oscillating polarization which gives rise to the scattered 
light wave and is the oscillating electric field of the incident light wave. 

The Raman scattering intensity can thus be expressed by the dipole radiation 
intensity using the generalized dielectric susceptibility x(<^i 5 ^s)- 



h = Ii 






(47reeo) 



2^4 



|esx(^i,^s)eil 



(10.27) 



Here and ei^g denote the intensity and polarization unit vector of incident 
and scattered light, and V is the scattering volume. The Raman scattering 
efficiency can be defined from (10.27) by normalizing to the incident power I,. 

Similarly to the susceptibility, the Raman scattering tensor, x(^i, ^s), may 
become resonant when the photon energies are close to electronic transition 
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Fig. 10.33. Schematic view of experimental arrangements for in situ Raman spec- 
troscopy during MBE (top) and MOVPE (bottom) (taken from [10.5] and [10.123]) 
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energies (gaps) [10.118-120]. While resonance Raman scattering (RRS) is an 
interesting topic in itself it is of the highest importance for setting the exper- 
imental conditions, e.g., the choice of laser line. The resonances quite often 
change the scattering intensities over several orders of magnitude and thus 
the choice of laser line quite often decides success or failure of the experiment. 

Raman scattering equipment is quite bulky because the high spectral res- 
olution monochromators (double or triple versions) have large focal lengths 
(Im) and suitable laser sources have a corresponding size [10.120]. There- 
fore not too many reports in connection with epitaxial growth have been 
published. 

Raman setups for MBE and MOVPE are shown schematically in Fig. 
10.33. Raman spectra taken during growth of ZnSe on GaAs are seen in 
Fig. 10.34. One clearly observes how the Raman spectrum of ZnSe develops 
during growth. The scattering intensities increase since the ZnSe scattering 
volume increases through the deposition. From the intensity variation with 
time it is possible to determine the growth rate [10.121]. The details of the 
spectral shape allow for detailed material characterization like stoichiometry, 
structural quality and in doped samples also determination if free carrier 
concentration. The growth of GaN has also been studied [10.122]. 

The time resolution of RS is moderate. The sensitivity of modern Raman 
equipment derives from the data accumulation in GGD detectors. Acquisi- 
tion times of a couple of minutes for spectra such as those in Fig. 10.34 are 
standard. Measurements in a MOVPE reactor have also recently been pub- 



Intensfty / counts mW -H 




Fig. 10.34. Raman spectra taken during growth of ZnSe on GaAs(llO) by MBE 
in UHV. The intensity oscillations in each of the modes are ascribed to Fabry-Perot 
interference in the overlayer with increasing thickness (taken from [10.121]) 
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lished for III-V semiconductor growth with a laser source coupled to the 
growth reactor by optical fibers [10.123]. The scattering signals turn out to 
be surprisingly large at temperatures up to 1200 K. This gives hope for the 
feasibility of in situ monitoring of surface features in epitaxial growth with 
Raman scattering. The results show, moreover, that the high temperature 
Raman spectra published so far are not representative at all since the surface 
had not been actively stabilized in an epitaxial growth environment. 

10.4.4 Infrared Reflection Absorption Spectroscopy (IRRAS) 

Considering any growth method using metalorganic compounds as precursors 
it is of particular interest to identify exactly how the metalorganic species 
such as TMGa or TEGa adsorb and decompose on the growing surface. 
In principle that can be done by looking at the vibrational modes of the 
molecules on the surface in combination with symmetry considerations in or- 
der to determine the adsorption site (see, e.g. [10.124]). The frequencies or en- 
ergies of the various vibrational modes of TMGa, for instance, lie in the range 
from approximately 500 to 3000 cm“^ or 60 to 370 meV (see, e.g. [10.125]). 
The conventional method for detecting vibrational modes of adsorbates on 
surfaces is high resolution electron energy loss spectroscopy (HREELS) which 
necessarily depends on UHV conditions. The adsorption behavior of several 
metalorganic compounds on different Si surfaces, for example, was studied 
using HREELS [10.125]. 

In a MOVPE environment which prevents the application of HREELS, 
IR optical techniques are candidates for studying the vibrational properties 
of the adsorbed species. 

However, when IR measurements are performed to study adsorbates on 
surfaces in the monolayer coverage regime, the signals are usually very weak 
and often difficult to detect against the background. Furthermore, the only 
experimental geometries which seem to be compatible with in situ growth 
studies are those which utilize external reflection from the front surface for 
two reasons. Firstly conventional growth reactors usually do not allow access 
to both substrate surfaces. This would be required for both attenuated total 
(internal) reflection or single pass transmission measurements. Secondly, these 
measurements are anyway hampered by the increasing free carrier absorption 
in semiconductor substrates at the elevated growth temperatures. In MOVPE 
one has in addition to pay attention to the gas phase absorption. 

External reflection has already been successfully applied to study ad- 
sorbates on metallic surfaces (see, e.g. [10.127-129]). It was found that in 
particular for p-polarized light close to grazing incidence, typically 85° with 
respect to the surface normal can provide sensitivities which allow 1/lOOOth 
of a monolayer of adsorbed molecules to be detected in favorable cases. The 
molecules absorb some of the light at their vibrational frequencies and ab- 
sorption peaks occur in the spectrum of the reflected light. This technique is 
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Fig. 10.35. IRRAS spectrum recorded from a GaAs(OOl) surface exposed to 
TMGa. The transmittance is defined as [^covered ~ ^cleanl/^clean- Spectra are 
obtained with 1000 scans of a FTIR spectrometer fitted with a MCT detector 
[10.126]. The peaks can be assigned to C-H deformation modes [10.126] (taken 
from [10.5]) 



then called infrared reflection- absorption spectroscopy (IRRAS) or reflection- 
absorption infrared spectroscopy (RAIRS). The spectral resolution of IRRAS 
(typically around 1 meV) is superior to that of conventional HREELS (typi- 
cally 2- lOmeV) [10.124]. The general advantage of vibrational spectroscopy 
is that it can provide direct information on the chemical state of the adsorbed 
molecules from the analysis of the vibrational frequencies observed. 

In comparison to semiconductors (Si) a similar optimum angle connected, 
however, with a very small increase (approximately 20 times smaller than that 
on metals) was found. The corresponding changes in reflectance amounted to 
0.01-0.1, values which are in the order of the inherent noise [10.130]. This 
low sensitivity may impose a limit to the applicability of IRRAS as a growth 
monitoring technique; however, because of its molecular fingerprint character 
it is still a very useful technique for research purposes. 

Figure 10.35 gives an example of the usefulness of such measurements. 
However, the surface was exposed to 10^ Langmuir TMGa at 300 K which 
very probably created physisorbed multilayers on the sample as was noted 
also in the report. This fact is also responsible for the very large signals seen 
in the figure [10.126]. Thus, not the properties of TMGa molecules on the 
GaAs(OOl) surface were measured. 

Such data show that IRRAS is in principle applicable in growth-like sit- 
uations. However, further development is needed in order to explore the ap- 
plication of IRRAS during real growth conditions. For the moment it is not 
clear whether monolayer or even submonolayer sensitivity will be achievable 
at elevated temperatures. 
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Physics of Epitaxy 




11. Thermodynamic Aspects 



There are, in general, four basic conceptual tools required for a formal de- 
scription of epitaxy. These are: 

(i) thermodynamics of phase transitions and interface formation [11.1-3], 

(ii) fluid dynamics (hydro-, and gasodynamics) of mass transport [11.4-6], 

(hi) statistical mechanics of crystal growth processes [11.7], including the 
kinetics of surface migration/diffusion and ordering processes [11.8], 
and 

(iv) quantum mechanics of chemical bond formation (chemisorption and 
lattice incorporation) [11.9] 

(the problem of heat transport in the solid or liquid phases, important for un- 
derstanding bulk crystal growth, is omitted, because of the fairly low growth 
rates characteristic of epitaxial growth). The extent of applicability of these 
formal tools for analyzing the definite epitaxial growth process depends on 
the physical approach which is chosen for describing this process. 

In general, three approaches are most frequently used when studying epi- 
taxy [11.10]. The first is the phenomenological or macroscopic approach, 
which provides a boundary between what is possible and what is not (this 
results from phase diagram analysis). This approach is suitable for analyz- 
ing phase transitions, phenomenological aspects of interface formation, as 
well as mass transport phenomena. The second approach is based on the 
atomistic description of epitaxy, involving statistical thermodynamics (the 
one-dimensional two-body interaction potentials are usually sufficient for a 
description of adsorption processes essential for epilayer formation). In the 
framework of this approach tangible previsions may be advanced which con- 
cern the topology of epitaxial growth, discrete island formation (2D and 3D 
nucleation), growth in continuous layers (SF-, FM-, and SK-modes) and in- 
fluence of external parameters (photo- or plasma- assisted growth) modifying 
the growth process. 

However, the most fundamental processes of the growth, i.e., incorpora- 
tion into the crystal lattice, and the anisotropic effects, resulting from crystal- 
lographic orientation and reconstruction of the surface on which the epitaxial 
growth proceeds, require quantum mechanical treatment (the wave functions 
of the valence electrons of the relevant atoms here play a dominant role). 
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Thus, the quantum mechanical wave function approach to epitaxy is the 
third, most fundamental, and simultaneously most sophisticated approach. 

In this chapter, these approaches will be discussed, taking as the most 
general model of the epitaxial growth system the one illustrated schematically 
in Fig. 1.1 (Sect. 1.1). 



11.1 The Driving Force for Epitaxy 

Epitaxial crystal growth is an example of a dynamical phase transition. A 
stable phase, the epilayer, grows out from a metastable phase, that is from 
an amorphous solid, melt (or liquid solution) or vapor (including the special 
case of growth from the rarified gas phase of intersecting atomic or molecular 
beams). The driving force for the growth is the chemical potential difference 
of the stable and the metastable phases. The simple assumption of the lin- 
ear response, which means that the growth velocity is proportional to the 
driving force, gives ideal linear growth laws. When the epilayer is finite in 
its size (e.g., the growth occurs on a patterned substrate surface), or when 
the crystallization interface deforms, the surface stress or surface tension has 
to be included in the thermodynamics of the epitaxial growth. Knowledge of 
the surface stress/tension plays an important role in the determination of the 
shape of a finite sized epilayer, or the deformation of the fiat interface [11.1]. 

11.1.1 Basic Concepts and Terminology of Thermodynamics 

Let us begin this subsection with a brief review of the basic concepts and 
terminology of thermodynamics [11.11]. Phase is the first important phe- 
nomenological concept used when considering thermodynamics of crystal 
growth. This is a region (usually homogeneous) which is physically distin- 
guishable and distinct from other phases. Thus, we have the vapor and the 
liquid phases as well as various solid phases in most cases when growing 
different material systems by epitaxy. 

The basic goal of thermodynamics as applied to epitaxy is to define the 
compositions of the various phases in an equilibrium system at constant tem- 
perature and pressure. Equilibrium is defined as the state where the Gibbs 
free energy per mole, G, is a minimum [11.1]. The Gibbs free energy is defined 
in terms of the enthalpy, iL, and entropy, S: 

G = H-TS (11.1) 

where 

H = U+pV (11.2) 

and U is the internal energy, V is the volume, and p is the pressure of the 
system. G, iL, S', U and V are all extensive quantities, i.e., they depend on the 
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size of the system. For convenience, they are expressed on a per mole basis. 
For a two-phase system, the total free energy is Gt = Gf + . Since Gt 

is a minimum at equilibrium, the change in Gt by moving an infinitesimally 
small number of moles of component i, dn^, between two phases causes no 
change in Gt- This may be expressed mathematically in the form 



V / T,p,n 



dGt 

drii 



I =0 

T,p,n 



(11.3) 



where the superscripts a and (3 represent the two phases. The partial deriva- 
tive of Gt with respect to ui is so important a quantity for thermodynamic 
calculations that it is given a name, the chemical potential, represented as [li 
Thus, the equilibrium condition may be expressed in the simple form 



M? = M? (11-4) 

for each component in the system. For a reversible perturbation of the system, 
it can be shown from equations (11.1) and (11.2) and the relationship dUt = 
T dSt — p dVt that 



dGt = Vtdp-StdT. (11.5) 

This is one of Maxwell’s equations of thermodynamics [11.1]. For an ideal 
system (e.g., the ideal gas) pVt = nRT^ thus, at constant T, (11.5) yields for 
a change in pressure 

dGt =ni^Tdln(p). (H.6) 

Hence, for an ideal single gas 

p = RT\np (11.7) 

and 

lx = H^ + RT\n{p/p°) ( 11 . 8 ) 

where /x° and p^ represent the chemical potential and pressure of an arbitrary 
standard state. For an ideal gas mixture 

fii = Hi + RT\n{pi/p'}) (11.9) 

where pi is the partial pressure, equal to the mole fraction Xi multiplied by 
p, and the standard state is usually a pure component i. 

For an ideal liquid or solid solution, the same expression holds with Pi/p^ 
replaced by Xijx\. However, the standard state is pure z, so = 1. The form 
of (11.9) is so useful that it is retained even for a non-ideal solution with Xi 
replaced by the activity ai, which may also be considered as a product of Xi 
and the non ideality factor 7^, the activity coefficient 

Hi = ixf + RTlnai = Hi + RTln{xi'yi). 



( 11 . 10 ) 
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11.1.2 The Interphase Exchange Processes 



Let us now consider a simple exchange process in which the particles of the 
metastable phase A and particles of the solid crystalline phase B (substrate 
crystal or the already grown epilayer) pass from one phase to the other, and 
back, as shown in the scheme (Fig. 1.1) 

A^B ( 11 - 11 ) 



with relevant rate constants ki (for A ^ B) and /c_ 
transitions the equilibrium condition is given by 

+ RT\n{a\) = !!%+ RT\u{a%) 

where a® is the activity at equilibrium. Thus, 

RT I 



= exp 



k-i 



(for B 



A). For these 

( 11 . 12 ) 

(11.13) 



which is the basic law of mass action. 

When the system is not at equilibrium, the thermodynamic force to re- 
store equilibrium is A/x = /i^ — 



AH = H%+ iJTln(as) - - RT\n(aA) = RT In ( ) . (11.14) 

\aAa%J 

The difference in chemical potentials of the phases A and 5, which is quanti- 
tatively given by (11.14), is the driving force for epitaxy. A non equilibrium 
situation is intentionally created which drives the system to produce the de- 
sired epilayer. The maximum quantity of the epitaxially grown solid which 
can be produced depends on the intentionally created supersaturation of the 
metastable phase A, i.e., it is simply the amount which would establish equi- 
librium. This amount is thus fundamentally limited by thermodynamics and 
the total size of the system, i.e., the melt (solution) volume in the case of 
LPE, or the total volume of gas passing through the reactor in VPE. 

Ordinarily, the growth rate is considerably slower than calculated from 
thermodynamics. Kinetics, the rate at which the reactions occur, is not fast 
enough to allow for reaching equilibrium throughout the system at all times. 
Often equilibrium is established at the growing solid surface (the crystalliza- 
tion interface), but not in the bulk of the whole metastable phase. In this 
case, the reaction rate (or growth rate) is limited by mass transport, which 
occurs by some combination of convection and diffusion in both of the men- 
tioned cases of epitaxial growth techniques. The other common limitation to 
the growth rate is the surface reaction rate. In what follows, we will discuss 
the mass transport phenomena in epitaxial growth systems. 
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11.2 Mass Transport Phenomena 

Mass transport in epitaxial growth systems is an extremely complex sub- 
ject when treated correctly and in detail [11.11]. Two processes are involved, 
namely, fluid flow and diffusion. Fluid flow in a simple constant temperature 
growth system is fairly complex, but temperature and solutal concentration 
gradients, leading to diffusion, further complicate the problem. Furthermore, 
thermal gradients may affect diffusion what has the consequence that thermal 
and mass transport processes are coupled. Techniques for treating mass trans- 
port problems in epitaxial systems usually belong to one of the two extreme 
categories. The first is physically and mathematically rigorous. It involves 
solving the mass continuity equation, the Navier-Stokes equation (momen- 
tum conservation), and the energy transport equation simultaneously. This 
often leads to accurate results, however, after a great deal of mathematical 
analysis [11.12]. The second, and very popular, category is to use such sim- 
ple approaches that they cannot give physically reasonable results. They give 
approximate information, leading to some understanding of the important 
physical mass transport processes occurring during the growth, which is of 
great value for crystal growers using epitaxy. 

11.2.1 Basic Equations Describing Mass Transport 
in VPE Systems 

The mathematical framework for describing continuous mass transport phe- 
nomena in VPE growth systems consists of nonlinear, coupled partial differ- 
ential equations that represent the conservation of momentum, energy, total 
mass, and individual species [11.5]. The general derivation and form of these 
equations is given in standard references in transport phenomena textbooks 
[11.6]. Numerous modifications of these equations have been used in mod- 
els ranging from simple boundary-layer-type description to complete three- 
dimensional models [11.13,14]. The general equations applicable to most 
crystal growth systems, and thus also to VPE operating in the continuum 
regime, can be summarized as follows [11.5]: 

Total mass: 

^+V{piy) = 0 (11.15) 

Momentum: 

p (^^ + i' ■ = -Wp + V-p (^Vz/ + (Vz/)^ - ^-^Vz/) + pge^^ (11.16) 

Energy: 

pCp^ + {u-VT) = W-{kVT) 

s 

i=l j=l 



(11.17) 
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Chemical species: 

n 9 

+ I. • V(pcOi) = -V • j, +J2 i = 1, . . . , 5 - 1 . (11.18) 

In these equations p is the density, u the velocity, p the pressure p the 
viscosity, g the gravitational constant and uji the mass fraction of chemical 
species i. Since time scales for diffusion and convection in VPE reactors are 
short (on the order of a few seconds) relative to the film growth time, pseudo- 
steady-state flow conditions may usually be assumed; i.e., the time derivatives 
in (11.15) - (11.18) may be set equal to zero. Dynamic effects need only be 
included in the simulation of switching between gas compositions during the 
growth of layered structures and in prediction of rapid thermal processing 
[11.5], 

The solution of the conservation equations for total mass (continuity equa- 
tion (11.15)) and momentum (11.16) gives the pressure and velocity distribu- 
tion throughout the reactor enclosure. The temperature distribution is given 
by the solution to the energy balance (11.17). Contributions from viscous 
energy dissipation [11.6] and pressure effects are negligible and have been 
omitted. With the possible exception of very high deposition rate systems 
(growth rate ^lp,mh~^) the last term in (11.17), representing the contri- 
butions from heats of reaction, will be insignificant. 

The balance over the i-th chemical species (equation. (11.18)) consists of 
contributions from diffusion, convection, and the loss or production of the 
species in gas phase reactions. Only 5 — 1 equations are needed, since the 
mass fraction of the last component is given by the constraint 



^Wi = l. (11.19) 

1=1 

An equation of state for the density p and constitutive relations for the diffu- 
sion flux ji are needed to complete the modeling equations. The temperature 
variation of the density is a critical element in the model, since gas expan- 
sion effects caused by density changes when heating the gas phase play a 
major role in the flow behavior. The diffusion flux ji combines ordinary dif- 
fusion driven by concentration gradients [jf) and thermodiffusion, or Soret 
diffusion, driven by thermal gradients thus, ji = jf jj ■ 

The diffusion fluxes stemming from concentration gradients are given by 
the Stefan-Maxwell equation [11.6], which can be expressed in terms of mass 
fractions and species fluxes in the form [11.5]: 



5 

T (111 Af ) = ^ ^ 



1 / MiOj .c 

pD,, \ M, 



MUJn 



( 11 . 20 ) 



where Dij is the binary diffusion coefficient. This equation may be solved 
iteratively subject to the constraint 
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i=l 

to yield diffusion fluxes as functions of mass fractions. 

The thermodiffusion component, which drives molecular species away 
from hot regions towards cold regions, is given by the expressions [11.5]: 

jf = Z3fV(lnT), Dj = (11.22) 

where Dj is the thermodiffusion coefficient and ky is the thermodiffusion 
ratio. Because of the large temperature gradients present in crystal growth 
from the vapor, thermodiffusion is often significant, reducing the growth rate 
by 10-20 % relative to the growth rate achievable in the absence of thermod- 
iffusion. Finally, to achieve accurate predictions, it is necessary to include also 
the temperature variations of the physical parameters [11.5]. 

In order to simulate real reactor fiow patterns, boundary conditions must 
be specified for the above given equations. These depend, however, on the 
particular geometry of the reactor. An example of how the mass transport 
equations and their boundary conditions may be formulated in a particu- 
lar reactor case is given in [11.14] (see also Sect 6.2.2 for a description of 
experimental data given in this reference). 

11.2.2 The Boundary Layer at the Substrate Surface 

The physical situation that occurs during the growth of epitaxial films in 
VPE growth reactors with atmospheric or near atmospheric pressure gaseous 
fiow is illustrated in Fig. 11.1. A characteristic feature of these reactors is the 
formation of a boundary layer adjacent to the stationary substrate surface. 
The decreased velocity of the gaseous species in this region leads to a laminar, 
near stagnant fiow [11.15] that controls the transport of the source molecules 
toward the substrate. Because this transport is mainly diffusive in its nature, 
the stagnant gaseous layer near the substrate surface is frequently called the 
diffusion boundary layer [11.16]. 

To obtain more detailed information about the flow of the gaseous 
species in VPE reactors in the neighborhood of the substrate surfaces, the 
boundary- layer approach [11.6,11,15-17] will be described, on the example 
of boundary-layer development as a function of position in steady flow [11.6]. 

To this end, the incompressible flow pattern near the leading edge of a flat 
plate immersed in a fluid stream, as shown in Fig. 11.2, will be considered in 
detail. The differential equations that describe the flow field in this case are: 
(i) the two-dimensional, steady-state equation of continuity (compare with 
(11.15)) 
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Fig. 11.1. Schematic drawing of the fused silica horizontal tube crystallization 
reactor for the MOVPE cold wall technique and the temperature, flow velocity, 
and concentration gradients in the diffusion boundary layer (taken from [11.16]) 
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Fig. 11.2. Boundary-layer development near a flat plate of negligible thickness 
(taken from [11.6]) 



and (ii) the ^-component of the equation of motion (compare with (11.16)) 



dvx ^ -L 

dx ^ dy p \ dx‘^ dy‘^ ) ’ 



(11.24) 



where y and p are the viscosity and density of the fluid. The p-component of 
the equation of motion is ignored here because the flow is not great in that 
direction. Moreover, one can neglect the term d^Vxjdx^ on the ground that 




11.2 Mass Transport Phenomena 275 



it is small in comparison with v^dv^jdx [11.17]. Solving (11.23) for Vy^ with 
the boundary condition that Vy = 0 ai y = 0, and substituting the result into 
(11.24) one gets 



dvx 
' dx 



/ y 

- ( f ^ 
[J dx 
^ 0 



dvx 

dy 



j d V x 
p 



dy^ 



(11.25) 



This is the starting equation to determine Vx{x^y); it is clearly nonlinear. It 
is to be solved with the boundary conditions: 

Vx = 0 at y = OjVx = Voo at y = oo (11.26) 

Voo is the value of Vx in the main stream of the fluid, far from the plate 
surface, and 

'^x = Voo at X = 0 for all y. (11.27) 

Assuming now that the velocity profiles at various values of x have the 
same shape one gets 



Vx 

Voc 



(j){r])^ where y 



y 

S{x) 



(11.28) 



in which S{x) is the boundary- layer thickness a distance down the plate. 
Assuming further that Vx = Voo outside the boundary layer, i.e., for y > 
one may calculate the derivatives in (11.25) 

dvx ,, f y\ ^ 

dx 



dx ( J 

dvx , , 1 



(11.29) 

(11.30) 









(11.31) 



dy 2 52 ’ 

in which primes denote differentiation with respect to rj. Substituting these 
expressions into (11.25) and integrating this equation with respect to r), one 
gets 



ax pVoa 



c 



where 
A = 

B = 

C = 



= —A + 



' r '' 

J (p'pdri 



(11.32) 

(11.33) 

(11.34) 

(11.35) 
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Integration of (11.32) then gives 






B — a) p 



(11.36) 



where the boundary condition that J = 0 at x = 0 has been used. The con- 
clusion from the presented calculations is that the boundary-layer thickness 
is proportional to the square root of the distance down the plate. 

When the velocity profile is selected to be 

0(7?) = (3/2)r? - (1/2 )t?3 (11.37) 

one finds that A = 9/35, B = 33/280, and C = —(3/2) [11.6]. Hence the 
boundary- layer thickness is given by the simple expression 




280/ix 

ISpVoo 




(11.38) 



and the velocity distribution is 

^ ^ 3 / _ 1 / _y_V . 

Vac 2 \6{x) J 2 V^(x) J 



0 < y < S{x). 



(11.39) 



11.2.3 Effusion from Solid Sources in MBE 

When analyzing mass transport by effusion from solid sources one can pro- 
ceed according to at least two approaches. The first consists in considering 
an ideal effusion cell (also called a Knudsen-like cell). Such a cell contains 
the condensed phase and the vapor of the charge material being in thermo- 
dynamic equilibrium with each other [11.18]. The effusion aperture of this 
cell is a small orifice in an infinitesimally thin cell lid (the diameter of the 
orifice is much smaller than the mean free path of the gas particles in the 
cell), and there is no orifice wall. The gas reservoirs outside and inside the 
cell are large enough that the molecules encounter each other more frequently 
than the walls. The gas pressure inside the cell is much higher than the pres- 
sure outside, i.e., in the MBE growth chamber. The second approach consists 
in introducing experimentally determined correction factors to the transport 
equations characteristic of ideal cells, in order to get for the real effusion cells 
reasonable predictions concerning the mass transport toward the substrate 
surface. 

Let us consider the ideal case first. As shown in Fig. 11.3, the molecules 
or atoms of the charge vapor escape from the cell through the orifice into 
the UHV environment in all directions encompassed by a hemisphere with 
its center coincident with the orifice center [11.19]. 

An individual particle of mass m moving along a straight line in the 
direction 'd toward the cell orifice center passes it and escapes into the vacuum 
in the same direction, because the thickness of the orifice is assumed to be 
infinitely thin {Lq ^ 0). The differential angular effusion rate dF^ from the 
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Fig. 11.3. Schematic illustration of the upper part of an ideal Knudsen-like effu- 
sion cell, indicating geometrical quantities relevant to flux distribution calculations 
(taken from [11.19]) 



orifice area Ae into the vacuum in the directions contained between and 
'd (I'd is proportional to: 

1. the surface of the orifice seen by the particle 

dr^ ~ Ae cos{'d) 

2. the number of particles entering unit area of the orifice in unit time 

dr^ ~ ^ = 3.51 X 10^2^1= 
y/MT 

(see (6.5) in Chap. 6) 

3. the probability P that a particle m enters the orifice in a direction be- 
tween 'd and d dd. 

P is proportional to the solid angle duj at dS subtended by these directions. 
The solid angle element duj is measured by the area on a sphere of radius r 
(Fig. 11.3) of the circular zone between the angle d and d -b dd, and is equal 
to 27 T sin ddd. The total solid angle into which the particles escape from the 
cell orifice is equal to 27 t, so the probability P = dct;/27r = siuT^d^^, and 
dP^ ~ sin ddd. 

The differential angular effusion rate dT^ of particles escaping from the 
cell orifice may be expressed by the formula 

dr^ = {CoAe cosd) ^ {sin ddd), (11.40) 

Ae 

where Cq is a proportionality constant. This constant can be estimated, tak- 
ing into consideration the obvious fact that 0 < d < tt/2 and that the total 
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effusion rate of particles escaping from the orifice must be equal to Fe given 
by 3.51 X 1022pAe(MT)-i/2 (gee (6.5)). Thus 

7t/2 7t/2 

Te = / dC? = J CoTe COST? Sin (11.41) 
0 0 



which means that the proportionality constant is Cq — 2. The formula (11.40) 
may now be written in the form 
r 

=: — cos'dd'd. (11.42) 

7T 

Equation (11.42) represents the so-called cosine law of effusion, which is 
equivalent to Lambert’s law known in optics (see [11.20]; Sect. 1.3). Using the 
Knudsen equation in the form (6.5) and the cosine law (11.42), one may easily 
calculate the impingement rate I a (also called in the literature the “beam 
flux”) of the particles beam (molecular or atomic) at the central point A of 
the substrate axially mounted in front of the effusion cell (Fig. 11.4a). This 
impingement rate is given by the angular effusion rate for = 0 per unit 
substrate area dS = dujr\ around point A: 



Ia 



dF^ 

dS 



F, 



1.118 X 10^^ 



Me 



\^/mt 



molecules 



(11.43) 



1^=0 A • A^ 

where p is expressed in torrs, and the other quantities in cgs units. If SI units 
are used, the numerical factor must be changed to 2.653 x 10^^ [11.19]. 

The flux at the edge point B is defined by Ib = dF^ /d5(i9), where dS{'d) is 
the surface element around point B given by dS{'d) = {{du)r\)/ cos'i?)(r^/r^). 
Thus Ib can be written in the form 



Ib 



Fp cos^ 'd / r\ 



= I A cos"^ 'd. 



(11.44) 



substrate substrate 




(a) (b) 



Fig. 11.4. Particle flux dis- 
tribution across a substrate 
mounted in the MBE growth 
chamber axially (a) and non- 
axially (b) with respect to the 
effusion cell orifice (taken from 
[11.19]) 
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Proceeding in an analogous way the impingement rate from a source which 
is tilted by an angle 0 from the perpendicular substrate axis can be calculated 
(Fig. 11.4b): 

= I A cos (f), (11.45) 

^2 

= Ia~y cos'dcos{'d (j)). (11.46) 

In the second approach to effusion transport phenomena, real effusion 
cells are treated by modifying the ideal effusion laws, most frequently by in- 
troducing to these laws relevant correction factors. The effusion cells used in 
MBE systems are either cylindrical crucibles with a single circular collimat- 
ing orifice in the crucible lid of a definite thickness, or single-channel- type 
crucibles cylindrical, and more frequently, conical in shape without a lid (see 
Fig. 6.2), however, often with a conical insert (see Fig. 7.6). 

The first kind of effusion cells are also called near-ideal cylindrical effu- 
sion cells [11.18,19], because the vapor pressure exhibits a near-equilibrium 
value at the exit orifice. Such cells are used in MBE systems as dopant or as 
calibration cells. The theoretical analysis of such cells was given by Claus- 
ing [11.21,22], who assumed a random return of particles to the gas reservoir 
from the orifice walls according to a cosine law of return. According to Claus- 
ing’s theory the Knudsen effusion equation (see (6.4)), and consequently also 
(11.43), should be multiplied by a correction factor IFa, i.e., the orifice trans- 
mission factor. This factor has the meaning of the probability that a particle 
which enters the orifice in the effusion cell lid at the side of the vapor vol- 
ume, over the solid charge of the cell, goes directly to the vacuum environment 
{p ^ 0) without having been back scattered to the vapor by the orifice walls. 
The Clausing’s orifice transmission factor Wa depends only on the geometry 
of the orifice. As an example, in Table 11.1 some values are given of Wa for a 
straight tubular orifice of length Lq and diameter do. Further modifications 
to the effusion equation introduced later, after Clausing’s work, may be found 
in [11.19]. Here, we will give in Table 11.2 the values of another correction 
factor, relevant when analyzing the effusion from a near-ideal cylindrical ef- 
fusion cell with symmetrical orifice {Lq = do) into various directions, and 
show in Fig. 11.5 a plot in polar coordinates of the angular distribution of 

Table 11.1. Values of Clausing’s orifice transmission factor Wa for straight tubular 
orifices with various orifice dimensions [11.22]. 



Lq/ do 


W^a 


Lq/ do 


Wa 
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1.0000 


0.75 


0.5810 


0.1 


0.9092 


1.00 


0.5136 


0.2 


0.8341 


1.50 
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0.4 


0.7177 


2.00 


0.3589 


0.5 


0.6720 


4.00 


0.2316 
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Table 11.2. Values of the correction factor Co for the case of a symmetrical orifice 
for various effusion angles 'd [11.21]. 



d 


Co 


d 


Co 


0° 


1.0000 


50° 


0.4259 


10° 


0.8882 


60° 


0.3687 


20° 


0.7721 


70° 


0.3221 


30° 


0.6463 


80° 


0.2811 


40° 


0.5183 


90° 


0.2426 



gas particles effused from this kind of cell. 

It is evident that a significant collimation of the particle beam generated 
in an effusion cell can be reached by enlarging the value of the ratio Lo/do 
for the orifice of the cell. This problem has been analyzed by Dayton [11.23], 
who proposed more general modification of Clausing’s theory [11.18]. The 
angular term Cq cos d of the flux angular distribution for several positions of 
the charge surface in a single-channel effusion cell of diameter do according 
to Dayton’s theory is shown in Fig. 11.6. 

Conical effusion cells are at present frequently used as sources of the main 
molecular or atomic beams in MBE systems, i.e., for beams of the constituent 
elements of the film to be grown [11.19]. They are nonequilibrium cells, which 
means that the vapor and the condensed phase of the contents are not in ther- 




Fig. 11.5. A plot in polar coordinates of the angular distribution of gas particles 
effused from a near-ideal cylindrical cell with a symmetrical orifice (Lq = do). The 
dashed line gives the relevant distribution for an ideal effusion cell {Lq = 0), i.e., 
according to the cosine law (11.42) (taken from [11.21]) 
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Fig. 11.6. The angular term Co cos 
of the flux angular distribution for 
several positions of the charge surface 
in a single-channel effusion cell of di- 
ameter do (taken from [11.23]) 



modynamic equilibrium with one another. Therefore, the effusion equation 
(6.4) as well as the cosine law (11.42) cannot be directly applied in analyzing 
the effusion patterns of conical cells. Both of these equations should be cor- 
rected for this case. One way of doing this is based on the procedure proposed 
by Shen[ 11.24] of treating the effusing surface of the cell as a combination of 
many small point sources, and subsequently superimposing their fluxes. 

As an example of such a procedure, the analysis given by Curless [11.25] 
can be considered. In this analysis the following model of the effusion process 
has been used. The source material is assumed to be at a single temperature 
(the evaporation rate for the material is independent of position). It is as- 
sumed that the effusion cell consists of a truncated cone shown in Fig. 11.7, or 
its limiting case of a cylinder, and is positioned with respect to the substrate 
as shown in Fig. 11.8. The rate of evaporation at a point on the wall of the 
crucible is taken to be equal to the flux incident on the wall at that point, 
unless that point is defined as being wetted by the source material, in which 
case the rate of evaporation is given by the rate of evaporation for the source 
material. The bottom of the crucible is assumed to be covered by the evap- 
orating source material with its surface normal to the axis of symmetry of 
the crucible. All fluxes leaving the surfaces under consideration obey a cosine 
distribution. The effect of surface diffusion is ignored, as is any interaction 
between particles (molecules or atoms). 

Using the procedure of Curless [11.25], Yamashita et al. [11.26] have ana- 
lyzed the beam fluxes from conical crucibles arranged slantingly with respect 
to the substrate and containing liquid Ga or Al. They have analyzed the 
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Fig. 11.7. Cross-sectional view of an idealized conical effusion cell (taken from 
[11.25]) 



arsenic crucible substrale 




Fig. 11.8. Geometry of the “source- 
substrate” system considered by Curless 
for simulation of MBE growth of GaAs 
(taken from [11.25]) 



influence of the shape of the conical crucible on the distribution of the beam 
flux upon the substrate surface, as well as the influence of the arrangement 
angle a of the beam source on the flux distribution. The configuration pa- 
rameters of the beam source are shown in Fig. 11.9, while the results of the 
calculations are shown in Fig. 11.10. It is evident from these calculations that 
in the case of a liquid source, a cylindrical crucible is more effective in im- 
proving the uniformity of the flux distribution than a conical crucible with 
a large tapering angle since the effusion cell is slantingly arranged. Since 
the direct flux from the source becomes dominant as the tapering angle of 
a conical crucible increases, the distribution of the beam flux is then mostly 
affected by the source surface determined by the arrangement angle. 

For more information on the effusion characteristics of conical effusion 
cells the reader is referred to [11.27-30]. 
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Fig. 11.9. Configuration parameters of the conical effusion cells analyzed by Ya- 
mashita et al. [11.26]. The following numerical data were used for the Ga (Al) 
cell: L = 6 . 5 ( 5 . 5 )cm, Rb = 0.78(0.61) cm, Re = 0.96(0.66) cm, a = 58(58)°, 
I = 12(12) cm, f3 — 95(95)° and 7 = 11(-11)° (taken from [11.19]) 




Fig. 11.10. Distributions of the calculated beam fluxes (on the 5 cm x 5 cm sub- 
strate square) generated by conical liquid charge effusion cells with different taper- 
ing angles (a,b,c) show angular distributions, while (d,e,f) shows the distribu- 
tions on the substrate surface (taken from [11.26]) 
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11.3 Phase Equilibria and Phase Transitions 

The condition of thermodynamic equilibrium is expressed in (11.4) and 
(11.10). Thermodynamics can, however, be used not only to describe the 
driving force and maximum growth rate in epitaxy, but also to calculate the 
composition of multicomponent solids grown by epitaxy. The equilibrium be- 
tween solid and liquid or vapor phases is of concern for understanding epitaxy. 
The vapor phase is commonly considered to be ideal (compare the ideal gas 
model), i.e., Xi = Pi/p^- Calculations involving the liquid and/or solid phases 
must deal with their non ideality. Fortunately, for most of the material sys- 
tems grown, so far, by epitaxy the liquid and solid phases can be described 
using the solution thermodynamic models, namely the concepts of an ideal 
and a regular solution. 

11.3.1 Ideal and Regular Solutions 

Let us consider first a binary solid solution AB (a binary compound), i.e., a 
solution consisting of two constituent species A and B. The Gibbs free energy 
of this solution can be calculated from the free energies of pure A and pure 
B species as follows. Assume that A and B have the same crystal structures 
in their pure states and that they can be mixed in any proportion to make a 
homogeneous solid solution with the same crystal structure. Mixing together 
xa moles of A and xb moles of B to form one mole of solid solution gives 
the obvious relation xa + xb = 1, where xa and xb are the mole fractions of 
A and B in the solution (alloy). To calculate the free energy of the alloy, the 
mixing can be envisioned to occur in two steps: (a) bring together xa moles 
of pure A and xb moles of pure B, and (b) allow the A and B atoms to mix 
together to make a homogeneous solid solution, the binary alloy AB, After 
step (a), the free energy of the system is given by 

Gi = xaGa-^xbGb. (11.47) 

where Ga and Gb are the molar free energies (energies taken per mole) of 
pure A and pure B at atmospheric pressure and the temperature of interest. 
The quantity G\ can be conveniently represented on a molar free energy 
diagram, where this energy is plotted as a function of the mole fraction xb, 
as shown in Fig. 11.11. In this case, Gi lies on a straight line between Ga 
and Gb for all alloy compositions. 

When the A and B atoms are allowed to mix in step (b) mentioned above, 
the free energy of the solid solution changes by AGm so that the resulting 
Gibbs free energy after mixing G 2 is given as G 2 = G\ + AGm- Using the 
(11.1) and the notation AHm = H2 - Hi and ASm ^82-81 the change in 
Gibbs free energy caused by mixing can be expressed by 

AGm = AHm ~ TA8mj 



(11.48) 
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Fig. 11.11. Variation of Gi (the free energy before mixing) with alloy composition 
xb (or xa) (taken from [11.31]) 



when the volume change of the system during mixing is ignored. (the 

change in enthalpy) is the heat absorbed or evolved during step (b), while 
A5 m is the difference in entropy between the mixed and unmixed states. 
The simplest type of mixing occurs for a so-called ideal solution where 
= 0 and the free energy change on mixing is due only to the change 
in entropy AGm = —TASm- There are two contributions to the entropy, a 
thermal contribution and a configurational contribution. If there is no volume 
or heat change during mixing then the only contribution to ASm is the change 
in configurational entropy, which is quantitatively related to the randomness 
of the solid solution by the Boltzmann equation 

S = kB\nZ, (11.49) 

where is Boltzmann’s constant and Z is the number of distinguishable 
ways of arranging the atoms in the solid solution. Assuming that A and B 
atoms mix to form a substitutional solid solution where all configurations 
of A and B atoms are equally probable gives an expression for ASm (see 
[11.1,31,32]) 

ASm = -R{xa^^xa -hx^lnx^). (11.50) 

Note that since xa and xb are less than unity, ASm is positive and there is 
an increase in entropy on mixing as expected physically. The free energy on 
mixing is then obtained as 

AGm = RT{xa \nxA + xb Inx^). (11.51) 

The actual free energy of the solution depends on Ga and Gb and combining 
(11.47) and (11.51) yields 

G 2 = Gi + AGm = xaGa AxbGb + RT{xA^nxA H-x^lnx^), (11.52) 

which is illustrated graphically as a function of temperature and composition 
in Fig. 11.12. 
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Fig. 11.12. Molar free energy of mix- 
ing for an ideal solid solution where 
Ai^M = 0 (taken from [11.31]) 

When growing alloys, often the relation between the free energy of the 
alloy and the changes in the number of atoms belonging to each phase, cre- 
ating the alloy, should be known. This relation can be expressed by using the 
chemical potentials of the relevant phases. At constant temperature and pres- 
sure the change of free energy of the alloy, resulting from adding or removing 
of atoms from the phases A and B, is given by 

dGt = /UAdriA + (11.53) 

If A and B atoms are added to a solution in the same proportion as the 
original composition of the solution (i.e., such that the ratio duA/duB = 
then the free energy of the solution increases by the molar free 
energy G. Thus, from (11.53) 

G ^ fiAXA + ijlbXb- (11.54) 

When G is known as a function of xa and as shown in Fig. 11.12 for exam- 
ple, fiA and jiB can be obtained by extrapolating the tangent to the G curve 
to the sides of the molar free energy diagram as shown in Fig. 11.13. It then 
becomes evident that {Ia and fiB vary systematically with the composition 
of the phase x^. Comparison of (11.52) and (11.54) gives jiA and (Ib for an 
ideal solution as 

fiA — Ga d- RThiXA and iib = Gb ^ RTIhxb (11.55) 

which is a simple way of representing (11.52). These relationships are also 
shown on the free-energy composition diagram in Fig. 11.13, where the dis- 
tances ac and hd are —RThiXA and —RTXuxbj respectively. 

So far, it has been assumed that = 0- This occurs rarely because 

mixing is usually endothermic (heat absorbed) or exothermic (heat evolved). 
However, we can readily extend the simple model developed for an ideal 
solution to include AHm using the so-called regular solution model, which is 
basically a nearest-neighbor bond-counting approach to alloying [11.33]. 
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Fig. 11.13. Illustration of the relationship between the free energy curve and the 
chemical potentials for an ideal solution (taken from [11.31]) 



Three simple assumptions form the basis of the regular solution model: 

(i) all constituents are located at points on a lattice, 

(ii) all interactions in the solution occur only between nearest-neighbor 
pairs, 

(iii) the configuration of the constituents is random. 

In this model it is also assumed that the heat of mixing AHm is only due 
to the bond energies of adjacent atoms. For this latter assumption to be 
valid, it is necessary that the volumes of pure A and B are equal and do not 
change during mixing so that the inter atomic distances and bond energies are 
independent of composition. The structure of a simple, binary solid solution 
is shown in Fig. 11.14. Three types of bonds are present 




Fig. 11.14. Different types of interatomic bonds in an AB solid solution (taken 
from [11.31]) 



288 



11 . Thermodynamic Aspects 



(i) A-A bonds, each with an energy Haa^ 

(ii) B-B bonds, each with an energy Hbb^ and 

(iii) A-B bonds, each with an energy Hab^ 

in the structure: 

In the frames of the regular-solution model it is possible to express the 
entropy and enthalpy of mixing of a binary solution A B in simple terms. 
The entropy of mixing is simply the ideal configurational entropy of mixing, 
given by (11.50). The enthalpy of mixing is obtained by summing the nearest- 
neighbor bond energies 



AHm = xaXb^ = xa{^ — xa)^ 



(11.56) 



where the interaction parameter is i? = zNa{Hab ~ (1/2){Haa — Hbb))- 
Hab^Haa and Hbb are the nearest neighbor bond energies for the combi- 
nations of A and B atoms, 2 : is the number of nearest-neighbors and N a is 
Avogadro’s number. The activity coefficient in the solution A-\-B is obtained 
from the expression 



RT in ji = 



OAHm 

drii 



In 7 ^ 



(1 - Xi 



> Q 



(11.57) 

(11.58) 



11.3.2 The Liquid— Solid Phase Diagram 

Consider first the simplest system of an AB solid in equilibrium with the 
liquid solution A B. The most important manifestation of solution ther- 
modynamics of liquid and solid solutions is the liquid-solid phase diagram 
for multicomponent systems such as, e.g., the semiconductor two- and three- 
component (binary and ternary) III-V compound systems. Considering this 
case as an example of thermodynamic treatment of the phase equilibria in 
epitaxy, we will follow the review of Stringfellow [ 11 . 11 ]. In the considered 
case, (11.4) takes the form 

I^AB — f^^B (11.59) 

where jii is given by (11.10). The solid AB is the pure standard state, so 
o^AB = 1 and (11.59) can be rewritten as 

i?rin(a^a's) + = 0 . (11.60) 

The quantity in brackets expresses the Gibbs free energy of fusion AGf of 
AB minus the free energy of mixing AGm of the stoichiometric liquid. It 
represents the free energy change upon melting a mole of AB and then sep- 
arating the liquid with xa = xb into one gram- atomic weight, each of 
pure components A and B. In addition, AGf{ab) may be written in terms of 
the entropy of fusion, ASf(ab) 




11.3 Phase Equilibria and Phase Transitions 289 



^Gf{ab) = ^Sf{ab){Tf(ab) — T) 



(11.61) 



by assuming ASf{ab) AHf(ab) to be temperature-independent. Assum- 
ing the liquid to be a regular solution, for which AGm may be obtained from 
(11.50) and (11.56) and using (11.58) to obtain the activity coefficient in 
solution, and (11.60) may be rewritten in the form [11.34] 



ln(4a;B(l - xb )) + 2 (xb 



,2 

2^ RT 



AB 



I) 



R 



Tf(AB) _ ^ 
T 



(11.62) 



This expresses the composition of the liquid in equilibrium with the pure 
solid AB as a function of temperature. Values of ASf and Tp may be found 
in [11.35], while may be determined by fitting (11.62) to experimental 
data using as an adjustable parameter. The interaction parameter gen- 
erally varies between 0 and - 6000 cal mol~^ for liquid solutions of the III-V 
compounds group [11.11]. These values are indicative of fairly weak inter- 
actions, characteristic of the metallic bonding in these liquids. By adding a 
term due to the screened electronegativity difference between the group III 
and the group V elements in the liquid one may extend the theory of metal 
solutions [11.36] to describe the thermodynamic properties of the liquid III- 
V compound solutions. The result is the following equation [11.37] for the 
enthalpy of mixing for the considered system AB 



AHm = {xaVa + xbVb) 



\{6a - SbY - 3 • 1Q4 



{xa - Xb)^ 

Vv^ 



‘PaV’b 



(11.63) 



where Si are the molar volume, electronegativity, volume frac- 

tion and solubility parameter of each element. 

The thermodynamics of mixing in the solid phase is illustrated by con- 
sidering ternary compounds of the type A^Bi-^C^ a solution of compounds 
AC and BC^ where A and B are both bonded to C and thus share a common 
sublattice in the crystal [11.38]. 

The equilibrium conditions for the ternary system may be obtained in ex- 
actly the same way as described for binary systems, by equating the chemical 
potentials of the two solid components in the two phases, i.e., 
and -h /x^ = . In addition the activities in the solid must be taken into 

account using the regular solution model. The result is a set of two equations 



M^acIac) = 



+ A5 



F{AC)- 



^F{AC) 



RT 



ln(a;^C'7Bc) = M'^x^b^WbIc) 
+ ASf{bc) 



Tf{bc) — T 



RT 



^AC 

2RT 



^BC 

2RT' 



(11.64) 
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The solid activity coefficients are calculated using (11.58), with i? replaced 
by . The activity coefficients in the regular ternary liquid may be written 
in the form [11.11] 

RThi^\ — + i^AC + ^AB ~ ^Bc)^^B^c 

RTIuJq = + ^Ab(^a)‘^ {^BC ffi ^AB ~ ^Ac)^U^c (H-65) 

i?Tlu7^ = + i^AC + ^BC ~ ^ab)^a^b- 

There are two characteristic curves in the liquid-solid phase diagram. These 
are the solidus and liquidus curves (in a ternary compound phase diagram 
these curves become surfaces). The first, the solidus, is the border line on the 
“temperature-concentration/composition” diagram between the pure solid 
region and the region where solid and liquid can coexist, while the second, the 
liquidus, is the border line on this diagram between the pure liquid region and 
the solid-liquid coexistence region [11.1] (see Fig. 11.16a, where the upper 
line is the liquidus, while the lower line is the solidus). 

The calculation of the ternary liquidus and solidus can be carried out 
using the values of the three liquid interaction parameters discussed above, 
and obtained from the pseudobinary solidus data [11.35]. A schematic 
III-V ternary compound phase diagram is shown in Fig. 11.15. It is remark- 
ably simple for a ternary phase diagram [11.11]. A single liquidus surface 
covers nearly the entire phase diagram and the solidus phase, the III-V alloy, 
is represented by a very thin plane running between AC and BC. Two rep- 
resentations of the actual Al-Ga-As phase diagram are shown in Fig. 11.16; 
the pseudobinary section (a) is viewed from perpendicular to the T axis and 
section (b) is viewed parallel to the T axis. 



BC 




Fig. 11.15. Schematic ternary 
III-V compound phase diagram 
(taken from [11.11]) 
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Fig. 11.16. Al-Ga-As phase diagram: (a) pseudobinary section and (b) isother- 
mal sections and isosolidus concentration curves for the metal-rich portion of the 
diagram (taken from [11.11]) 

The fundamental significance of the liquid-phase interaction parameter 
was discussed above. For the solid phase the same valence electrons which 
determine the optical and electrical properties of the semiconductor also de- 
termine the bonding [11.9]. This has allowed simple models (developed to 
interpret the dielectric function, band gap and other optical properties) to 
be used to treat the bonding in solid alloys, which determines AHm and 
hence Using the Phillips-van Vechten dielectric theory of electronega- 
tivity [11.39], Stringfellow [11.38] developed a model which allows for an 
accurate calculation of in terms of the difference in lattice constants be- 
tween AB and AC: 

^AB-BC — ^ ‘ “ ^Bc)^[{^AC + ^Sc)/^] ■ (11.66) 

This model for the solid phase can also be used to describe the thermody- 
namics of VPE, where the vapor is treated as an ideal gas. In this way, it 
is possible to predict solid alloy composition versus temperature and vapor 
composition, as it is required for growing by VPE high quality epilayers of 
well defined chemical composition [11.11]. 

Concluding the consideration on the regular solution model, it is impor- 
tant to note that, although we have presented its application to problems of 
semiconductor compound phase equilibria, the regular solution model has 
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more general applicability and parallel treatments exist, for example, for 
metallic alloys [11.33] or for polymer solutions [11.40]. 



11.3.3 Phase Transitions in Epitaxy 

Let us now proceed to problems of phase transitions, that is to thermody- 
namics of crystal growth, as related to epitaxy. We consider in the following 
a liquid - crystal phase transition as an example. Isobaric variation of the 
Gibbs free energies of liquid and crystal, and respectively, are shown 
in Fig. 11.17 as a function of temperature T. At a low temperature lies 
higher than G^ showing that the crystal is more stable than the liquid, but 
with increasing T, G^ decreases faster than G^ due to the large entropy of 
liquid, compared to of the crystal. At the melting point T^(p), G^ and G^ 
cross each other, thus G^(T^,p) = G^{Tm,p), and the liquid becomes more 
stable than the solid for T > T^. 

On heating the crystal under constant pressure, its temperature first in- 
creases, as shown in Fig. 11.18. At the melting point the temperature 
stops increasing and the applied heat is consumed to change the state of 
the matter from crystal to liquid. Since the absorbed heat does not ap- 
pear explicitly as a temperature rise, it is called the latent heat L. Accord- 




Fig. 11.17. Isobaric variation of the 
Gibbs free energies of the liquid, 
and of the crystal G^ as functions of 
temperature (taken from [11.7]) 




Fig. 11.18. Isobaric variation of 
the temperature due to the heating. 
At the melting temperature Tm, the 
crystal starts to melt, and until the 
completion of melting, the system ab- 
sorbs the latent heat L. (taken from 
[11.7]) 
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ing to the first law of thermodynamics the applied heat changes into work 
pdV done to the environment and the increment of the internal energy dU . 
Since the pressure is kept constant, the heat changes into the enthalpy (see 
(11.2)), thus, dH = dU pdV . Consequently, the latent heat observed at 

the melting point corresponds to the enthalpy difference of the two phases 
as L = H\Tm^p) — H^(Tjn^p). Since Gibbs free energies of both phases are 
equal at the melting point, — TmS^ = — TmS\ the latent 

heat is proportional to the entropy difference A5 = — S^: 

L = H‘-H^ = TmAS. (11.67) 



According to (11.5), entropy is the temperature derivative of the Gibbs free 
energy as 5 = —{dG/dT)p. Thus the phase transition with latent heat is 
associated with a discontinuity in the slope of the Gibbs free energy. 



r dG^ 

\~&f 



p 





( 11 . 68 ) 



This type of phase transition with a discontinuity in the first derivative of G 
is known in thermodynamics as a first-order phase transition. 

Let us now cool the liquid to a temperature T below the melting point 
Tm- The Gibbs free energy of a crystal G^{T^p) is lower than that of the 
liquid G\T^p) as shown in Fig. 11.17, and the true equilibrium state is a 
crystalline phase. However, the whole liquid cannot instantaneously turn into 
the crystal. We often experience that the liquid is supercooled for a long while 
near the melting point. Eventually, a small crystalline nucleus is formed in 
the liquid, and then it grows. The crystal grows by the advancement of the 
crystallization interface (see Fig. 1.1). The driving force in this case is the 
difference of the Gibbs free energies of the liquid and the solid AG = G^ — G^ . 
Since this difference vanishes at the melting point, one can expand AG up to 
the first order of the undercooling AT = Tm — T, as 



AG 



dG^ 

dT 



{T - Tm) 



dG^ 

dT 



iT - Tm) 




(11.69) 



Under this chemical driving, the phase transition proceeds, i.e., the crys- 
tal grows. For a liquid molecule to be incorporated into the crystalline order, 
it has to change the configuration. But around the liquid molecule there is 
a high density of other molecules and they hinder the free motion of the 
molecule. It can mainly vibrate around its average position with a frequency 
u, which is of the order of that of the lattice vibration [11.7]. In order for a 
liquid molecule to change the configuration drastically, it has to overcome the 
energy barrier Ed of molecular diffusion, as shown in Fig. 11.19. At a tem- 
perature T a molecule acquires the energy fluctuation Ed with a probability 
proportional to the Boltzmann factor (the statistical weight) which has the 
form ex.p{—Ed/kBT). Therefore the crystallization rate per unit time is given 
as u ex.p{—Ed/kBT). 
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Fig. 11.19. Schematics of the potential surface in configuration space. The crys- 
tal phase corresponds to a stable phase, the liquid to a metastable phase, and in 
between is the diffusion activation energy (taken from [11.7]) 



There is, however, a counter-effect, namely the melting, which means a 
passage of a crystal molecule into the liquid state. Since the Gibbs free energy 
per molecule, i.e., the chemical potential, is higher in the liquid than in the 
solid, the rate of melting is smaller than that of crystallization 

by a factor of exp(— A/i/ZcBT). By the crystallization of one molecular layer 
the crystallization interface (the growth front) moves inside the metastable 
liquid phase by a distance equal to the molecular layer thickness amoi- Thus 
the growth rate is given by 

Vg = amo\^^^Y>{-Ed/kBT){l - exp(-A////cBT)). (11.70) 

In epitaxial growth from the liquid phase (the case of LPE) the phase 
transition between the liquid and the solid phases concerns liquid solutions 
and the substrate (or epilayer) crystal. In this case solute atoms should oc- 
cur in front of the crystallization interface to start the liquid-solid phase 
transition of epitaxial growth. The probability to find a solute atom at a 
certain crystallization point with a unit volume a^oi is equal to the product 
of c, the concentration of the solute species in the solution, and the volume 
afoi- The solute atom is oscillating around the average position with a fre- 
quency z/, and tries to pass to the solid phase (to crystallize). In the solution, 
however, the solvent molecules make some chemical bonding with the solute 
molecules. Thus, for the solute molecules to be incorporated into the crys- 
talline structure, the solvent molecules have to be separated from the solute 
molecules. For this separation (desolvation) process there is an energy barrier 
E'des- Among u trials of solidification, the rate which overcomes this energy 
barrier is given by the Boltzmann factor exp(— Edes/^^T). Then the velocity 
of crystallization (of liquid-solid phase transition) is given by 

yg(c) = aso\i'{caioi)exp{-Edes/kBT). (11-71) 

There is here also an inverse process, i.e., melting of the crystalline phase. 
Its rate is determined by the temperature, and should balance the crystalliza- 




11.3 Phase Equilibria and Phase Transitions 



295 



tion from the solution with the equilibrium concentration Ceq of the solute 
species (Fmeit = V^(ceq))- The net rate of crystallization is given by the 
relation: 

= ^s(c) - '5^melt = Paio\ex9{-EieslkBT){c - Ceq). (11.72) 

This growth rate may be expressed in terms of the chemical potential differ- 
ence A/i = /Xsoi(T, c) — /i^(T) = /isoi(T, c) — /isoi(T, Ceq) (note that the chemical 
potential of the solid is equal to the chemical potential of the solution with 
equilibrium concentration of the solute species). The relevant expression has 
the form 



Vg = K{eyi^{^^Ji/kBT) - V) ^ K{Afi/kBT). (11.73) 

With the kinetic coefficient K = z/agoiCeq exp(— E^Ues/^sT). It is important 
to note that by the crystallization process the number of solute molecules in 
front of the crystallization interface decreases in time. In order to compensate 
this solute deficiency, molecules of the solute have to be transported from the 
far bulk of the solution toward the crystallization interface. By including 
this process of material transport one comes to a different growth law. This 
subject has been treated in detail in Chap. 5, devoted to implementation of 
the LPE growth technique. 

Epilayers can grow not only from a liquid phase but also from a gas phase, 
as shown in Figs. 8.1 and 7.4. It is, therefore, useful to consider here also the 
gas -solid phase transition. 

For a gas phase an ideal gas (consisting of monatomic species) is a good 
approximation due to its low density [11.7]. At a temperature T and a pres- 
sure p the average number density of gas atoms n = pjkBT ^ and the velocity 
distribution follows the Maxwell distribution [11.41] 

P{v)dv = (m/(27r/cBT))^/^ ey.p{—(mv^) / {2kBT))dv , (11.74) 

where v = is the velocity of an atom and m is its mass. Multiplying 

expression (11.74) by the number density n and integrating then the product 
over all possible velocity values of the gas atoms, one gets the number of 
atoms impinging on a unit substrate surface and trying to crystallize there: 



/ 




(11.75) 



Inversely, there are some atoms desorbing from the crystal surface at a 
finite temperature T. The desorption flux is independent of the deposition 
flux from the gas phase, but is a function of temperature. If the substrate 
crystal is facing the gas phase which is under the equilibrium pressure, peq(T), 
the deposition rate balances with the desorption rate. The desorption flux 
from the crystal /des is equal to the deposition flux /eq of the gas under 
the pressure peq(T). Assuming that an atom is cubic with a linear dimension 
(igas^ the net atomic flux in an atomic area a|as contributes to the crystal 
growth, and the crystallization interface advances toward the gas phase by 
the atomic height Ogas- The growth rate is thus given by the formula 
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= a|as(/ - /eq) = 



^{P - Peq) 

\/27rm/c5T 



(11.76) 



Here Q is the specific volume of a single gas phase species, equal to a|as- 
The linear growth law, given in the form of (11.76), is known as the Hertz- 
Knudsen formula [11.42,43] (see also (6.2)). 

Since the chemical potential of an ideal gas is given by (11.8), then the 
chemical potential difference of the gas and the solid (the driving force of the 
phase transition considered here) is written as 



A/i = /i^(T,p) - /i^(T) = /i^(T,p) - /i^r^Peq) = A:5Tln(p/peq). (H.77) 



This relation gives p = Peq exp(A/i//cBT), which may be substituted into the 
Hertz-Knudsen formula. Consequently, the growth rate may be expressed as 



= r?/eq(exp(A/i/A:sT) - 1) ^ K{Aii/kBT) (11.78) 

with the kinetic coefficient K = f7/eq. The growth rate Vg is thus propor- 
tional to the driving force, when A/i is small enough. 



11.4 Interface Formation in Epitaxy 

Under the term “interface formation” we understand here the first stages 
of epitaxy [11.44], i.e., formation of the first nuclei and subsequently the 
first deposited epilayers. The most important elements of interface formation 
are related to its topology and structural characteristics. To be more precise 
in analyzing the phenomena occurring in the early stages of epitaxial layer 
growth, let us begin by defining some of the basic thermodynamic quantities 
required for discussion of the relevant surface phenomena. 

Atoms at a surface or interface are in an environment that is markedly 
different from the environment of atoms in the bulk of the solid. They may be 
surrounded by fewer neighbors and these neighbors may be more anisotropic 
than in the bulk. Thus, we need to be able to quantify the excess properties 
of surfaces and interfaces [11.33] (see also Chap. 13 for more information). 

11.4.1 The Interface Energy 

One often encounters three terms in the literature relating to surfaces: 

(i) the surface tension, 

(ii) the surface energy, and 

(iii) the surface stress. 

All three quantities have units of energy per unit area (J/m^) or force per 
unit length (N/m). The term surface tension is appropriate when referring 
to liquids, because liquids cannot support shear stresses and atoms in the 
liquid can diffuse fast enough to accommodate any changes in the surface 
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area. This is not the case for solid surfaces and solid-solid interfaces, which 
usually possess elastic stresses up to the melting temperature. Consequently, 
the surface energy and surface stress will be used in what follows to define 
the state of all surfaces [11.45-47]. 

Solid surfaces can change their energy in two ways: first, by increasing 
the physical area of the surface, for example, by cleaving a surface or adding 
atoms to the surface with the arrangement of the atoms being identical to 
those in the bulk; second, by changing the position of atoms at the surface 
through elastic deformation, for example, by phenomena such as surface re- 
laxation or reconstruction. 

The first case involves simply creating more or less surface area and is 
independent of the nature of the surface, whereas the second case involves 
the detailed arrangements of atoms within a solid surface and may be thought 
of as the work involved in straining a unit area of surface. 

Consider a homogeneous crystalline body that contains n atoms at tem- 
perature T and pressure p, which is surrounded by plane surfaces (e.g., a 
convex polyhedron). By creating a surface Sj in the j direction, a specific 
surface free energy is defined by Gj = [dG / dSj)T,p^n,s in which the subscript 
S indicates that all other surfaces Si, if they exist, are kept constant. The 
surface free energy Gj is supposed to be independent of the size of the face 
Sj, but anisotropic in the direction j [11.44]. The considered convex polyhe- 
dron is supposed to be limited by faces Sj. From an arbitrary point inside 
the polyhedron the central distances hj to the different faces are defined as 
shown in Fig. 11.20a. If from the bulk of the metastable phase A (vapor phase 
for example) , being under the partial saturated pressure poo , a molecule A is 
brought to the crystal A where the vapor pressure is p, the chemical poten- 
tial variation is A/i = ksT \n.{p / p^o) . If n particles are included in the crystal 
which then expands its surface, the balance of work performed at bulk and 
surface is expressed by the formula 

j 

AG{n) = —nAji -f (11.79) 

1 

the summation being carried out over all the faces of the polyhedron. The 
volume of the crystalline polyhedron may be split into pyramids with summit 
at the point 0 and bases at Sj', this may be expressed as V = (1/3) 

Because the volume is a third-order homogeneous function, any surface vari- 
ation leads to the corresponding variation in volume dV = (1/2) hjdSj. 
Taking now the volume of one particle as being equal to Vi = V/n one gets 
for the differential of (11.79) 



dAG = -(A/i/2Fi) 





(11.80) 



Thermodynamic equilibrium is reached when all partial derivatives 
{dAG/dSj)j. g are zero, that is according to (11.80), when 
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Fig. 11.20. Equilibrium forms of a deposit A on a substrate B\ (a) without contact 
with the substrate {/3 = 0); (b) and (c) when in contact if /3 ^ 0 (taken from [11.44]) 



^jl^j — ^il^i = • • • = Afil2Vi. (11.81) 

This expression - the so-called Wulff theorem - permits one to build con- 
centric polyhedrons, the faces of which are perpendicular to the hj’s, when 
one knows aj in every direction. The innermost polyhedron of such a crys- 
talline form corresponds to the equilibrium shape [11.44]. This is thus the 
homogeneous critical nucleus. 

Let us now suppose that the crystal of the species considered is in contact 
with the upper face of a substrate crystal B as shown in Fig. 11.20b, and that 
the epitaxial orientation is imposed by the contacting face of the substrate as 
well as by the mutual azimuth in the interface between A and B. The faces 
which are in contact are defined by a a and cr^, respectively. Let the area of 
the interface created by the two contacting faces be equal to Sab^ and let a 
specific interfacial free energy cr* be defined by the transformation shown in 
Fig. 11.21. 

When creating two surfaces of equal sizes, one in the crystal A and the 
second in the crystal .B by a reversible and isothermal separation, the work 
per surface unit area is given by a a and as (the definitions of the cr’s are 
taken from Born and Stern [11.48]). When putting then both of the crystals 
A and B into contact in epitaxial orientation in such a way that the interface 
reaches its equilibrium, the work gained per surface unit area is equal to — /?. 
The balance of the transformation reveals the excess quantity a* given by 
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Fig. 11.21. Cleavage and adhesion balance leading to Dupre’s relation (taken from 

[11.44] ) 

= aA^(TB-P. (11.82) 

which characterizes the interface ((11.82) is known as Dupre’s relation 

[11.44] ). The separation work j3 of the crystals A and B is the specific adhe- 
sion free energy which we will call in brief the adhesion energy. Like a a and 
(7b is an anisotropic quantity depending moreover on the azimuth of the 
contact area. 

11.4.2 Initial Stages of Epitaxial Growth 

In the following we will assume that the substrate B is inert in the sense 
that its vapor pressure is negligible compared with the vapor pressure of the 
deposit. We will also assume that A and B do not mix in the solid state even 
if alloying is thermodynamically possible. 

When a crystal A grows on the balance of formation may be written 
in a manner similar to (11.79): 

3 

AG 3 d(^) = -nA/i + '^ajdSj + (cr* - (Tb)Sab- (11.83) 

1 

The summation is now carried out only on the free faces of A (see Fig. 11.20b); 
the third term represents the energy of changing a free surface Sb to an 
interface Sab when Sab = Sb • In the considered case the variation of volume 
may be expressed in the form 

1 ^ 

■*'"=2(S hjdSj + hAsdSAB^ 



(11.84) 
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where Hab is the distance from point 0 to the interface. The derivative of 
(11.83) thus yields 

j 

dAGsuin) = -(A/x/2Vi) ( ^ hjdSj + /iABd5^s) 

1 

j 

+ + (a* - aB)dSAB (H-85) 

1 

Upon taking this derivative the quantities a were again supposed to be inde- 
pendent of iS, which is the case occurring in practice, except for crystallites 
built with only a few atoms. Under this condition the partial equilibria, for 
the given mutual orientation of A and 5, are determined by the following 
two equations 



/ dAG \ _ f dAG 

V QSaB ) 5, T, A/Li V 

The first condition represents the interfacial equilibrium, the others represent 
the equilibrium of the free faces of A. When expanded, (11.86) leads to the 
generalized Wulff theorem [11.44]: 



A/i _ ^ ^ _ _ (<:^* - ctb) (cta - P) 

2Vi hj hi Hab hAB 



(11.87) 



When [3 = 0 (11.87) yields (11.81) of the homogeneous case. When both 
surfaces, A and B, are just in contact, Hab = hA (which corresponds to the 
equilibrium shape without a substrate (Fig. 11.20a)), they have no affinity, 
thus, according to (11.82) the excess quantity cr* = cr^ + is maximum. 
It is also noted that a finite value of the adhesion energy leads to Hab < 
Ha^ that is a polyhedron truncated by the substrate (Fig. 11.20b). The case 
(3 = (Ja{(^* = o-b) is trivial, Hab = 0* The real polyhedron is reduced by 
one half compared with the homogeneous case. When aA < P < 2cr^ one 
has hAB < 0; the polyhedron grows flat (Fig. 11.20c) and the limiting case 
p 2cr^(cr* cr A — cfb), i-G., —hAB = hA means that the lateral faces of the 

crystal A are evanescent. In this important case one may no longer speak of a 
3D phase of A but of a phase of molecular thickness, that is a 2D phase lying 
on the substrate B. The case P > 2(Ja(o'* < (Ta — ctb), although physically 
conceivable and important, cannot be discussed with the relation (11.87). 

Two very important conclusions may be drawn from the presented phe- 
nomenological thermodynamic considerations of epitaxial crystallization. The 
first concerns 3D nucleation on the substrate, and states that: 



epitaxial 3D nucleation can take place on a substrate only at an 
existing super saturation in the metastable phase, which means that 
Afi > 0 . 



The second conclusion concerns 2D nucleation, and states that: 




11.4 Interface Formation in Epitaxy 301 




Fig. 11.22. Free energy of 3D 
crystal formation at constant su- 
persaturation A/x, as a function of 
the number of particles n. If A/i > 
0 the curve shows a maximum. The 
AGsd barrier is lowered when the 
adhesion energy is positive (taken 
from [11.44]) 



in contrast to the SD nucleation case, epitaxial 2D nucleation can 
occur on the substrate only at an under saturation in the metastahle 
phase, which means that A// < 0. 

The important point, resulting from the second conclusion, is that if /3 > 2a 
A may be deposited on B even when the temperature Ta of the source of A 
is lower than the temperature of the substrate. 

The characteristic surface quantities defined above permit one to differ- 
entiate between the two epitaxial growth modes which are initiated by nu- 
cleation, i.e., 3D growth and 2D growth: 

(i) when (3 < 2a a (o ' a > as — cr*) ^ 3D growth mode occurs, while 

(ii) when j3 > 2aA(<yA < — a*) ^ 2D growth mode occurs. 

The physical meaning of these inequalities is quite obvious. When the ad- 
hesion energy (3 is smaller than the doubled value of the surface energy of 
the crystalline nucleus A (2a a presents here the so-called cohesion energy of 
the crystal A) then 3D growth occurs. In the opposite case when adhesion is 
larger than cohesion, 2D growth occurs. 

The detailed calculations leading to these conclusions are given in [11.44], 
but the resulting dependencies of the free energies of 3D and 2D crystal 
formation at constant A/i as functions of the number of particles n inside 
the growing crystal A (compare this with (11.83)) are given after [11.44] in 
Figs. 11.22 and 11.23. 

After the nucleation stages, the nuclei will sooner or later start to agglom- 
erate. This agglomeration process will intensify until islands are formed. At 
a later stage, island chains join up until only channels are left. Eventually, 
even these will disappear and a continuous film will be obtained; the surface 
irregularities will be smoothed out by further growth. 

Thin film growth experiments carried out inside an electron microscope 
have shown that the islands drift on the substrate during their growth, that 
they rotate and that they rapidly “flow together” after their contact (they 
undergo coalescence) . This movement of the nuclei leads to a picture of liquid- 
like behavior [11.49]. However, it could be shown that the nuclei are small 
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Fig. 11.23. Free energy of 2D crystal formation at constant A/x as a function of the 
number of particles. The AG 2 D barrier exists only if A/x > A/xc(A/xc 7 < 0) (taken 
from [11.44]) 



single crystals during all stages of the growing process, and that the agglom- 
eration mass transport mechanism is one of surface diffusion. An important 
feature of the coalescence phenomena is that the time taken for the coales- 
cence of two islands is a function of island size, the smaller the island the 
more rapid is the diffusion process. Given this, one may conclude that there is 
a critical stage of growth at which the coalescence time of an island is greater 
than the time required for the island to continue its growth. In this case the 
island coalesce only with the nearest neighbors. 

Examination of growing films in the electron microscope has also shown 
that recrystallization by grain boundary migration occurs during growth. 
Grain boundaries are formed in the necks between islands of different orien- 
tations and stay in the islands until the neck is eliminated. This recrystalliza- 
tion is a rapid process in the early stages of growth when the islands are small, 
but after the critical growth stage is reached, no further recrystallization can 
occur by this process. 

We have already mentioned (see Ghap. 2) that the ordering process in 
epitaxy is not only influenced by nucleation, but also by the subsequent 
growth. The effect of growth parameters on the coalescence process has been 
analyzed theoretically by Stowell [11.50]. He has shown that cases can exist 
in which growth is more important than nucleation in determining epitaxy. 
This result is in experimental agreement with results of other authors [11.51]. 



11.5 Self-Organization Processes 

The ordering processes occurring in the early stages of epitaxy, when the 
structure of the first epilayers is created, can lead in special growth conditions 
to a new growth phenomenon known under the names self organization effects 
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Fig. 11.24. Schematic illustration 
of poly domain heterostructures, (a) 
phase states of the active layer; phase 
A can transform to two variants of 
phase B or phase C, (b) formation 
of the polydomain layer, (c) forma- 
tion of polydomain multilayer struc- 
ture (taken from [11.54]) 



[11.52], or self-ordering (self- assembling) effects [11.53]. This phenomenon, 
which will be called hereafte'r the self organization effect (SO effect), consists 
in spontaneous structural ordering/reordering of the epitaxial deposit during 
the growth process. 

So far, the SO-effect is observed in step-mediated epitaxy (see Sect. 1.2 
and Fig. 1.7) and in strained layer heteroepitaxy (growth of epilayers highly 
mismatched against the substrate). This effect is gaining increasing inter- 
est because of the possibility of growing sophisticated low dimensional het- 
erostructures by using it in epitaxial growth (see Sect. 3.2 and Fig. 3.6). Even 
a new class of materials, so-called poly domain heterostructures, has been pro- 
posed, which can be grown by using the SO effect in epitaxy [11.54]. Due 
to elastic interaction between the layers of a heterostructure, these layers 
transform into a set of periodically alternating lamellae or elastic domains. A 
polydomain heterolayer can consist of either differently oriented domains of 
the same phase (e.g., twins) or domains of different phases (e.g., short period 
superlattices [11.55]). A schematic illustration of polydomain heterostruc- 
tures is shown in Fig. 11.24. 

Because the SO effect in step-mediated epitaxy is determined more by 
surface kinetic phenomena and bonding nature to the steps, than by ther- 
modynamics [11.56], we will postpone the consideration of this case until 
Sect. 12.3. Consequently, let us then begin with the strain-induced self orga- 
nization phenomena [11.57-70]. 
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11.5.1 Strain-Induced Self-Ordering; Quantum Dots 

In principle, there are two physical mechanisms which lead to SO effects in 
strained layer heteroepitaxy. The first is based on the Stranski-Krastanov 
mode of epitaxial growth (see Sect. 1.2 and Fig. 1.2 for definition), while the 
second, called strain-induced lateral ordering (SILO), is based on spinodal 
decomposition in elastically anisotropic epilayers, followed by lateral modu- 
lation of the epilayer composition at the heterointerface area [11.55,63-65]. 
Both mechanisms are currently investigated by different research groups be- 
cause of their importance for fundamental research as well as for technological 
applications. 

Let us begin with the SK-mode related SO effect. The SK-growth mor- 
phology is intimately related to the accommodation of elastic strain associ- 
ated with epitaxial lattice misfit. Over the years, this point has been made 
many times by many authors using theoretical models of varying degrees of 
sophistication [11.70,71]. In all these treatments, the first few monolayers 
of the film material are strongly bound yet strained to match the substrate 
lattice constant. Subsequent deposited material collects into islands that are 
regarded as essentially bulk-like due to the presumed existence of interfacial 
misfit dislocations (MD) to relieve the strain. 

The forgoing model prediction definitely occurs in many heteroepitaxial 
systems. However, another scenario apparently can occur as well; i.e., the 
SK morphology with dislocation free but strained islands. To date, this phe- 
nomenon has been documented most thoroughly for the Ge-on-Si(lOO) system 
[11.72], and for the InxGai_xAs-on-GaAs(100) system [11.73]. 

The limiting case of the latter system, namely the InAs-on-GaAs case, is 
most interesting because of the quantum dot formation processes. The ener- 
getics of an array of 3D coherent, strained islands (quantum dots) on a lat- 
tice mismatched substrate has been theoretically studied in [11.57, 70, 74, 75] 
and compared with experimental data gained with MBE-growth of pyramidal 
InAs/GaAs islands. It has been shown that: 

(i) coherent, strained, essentially 3D equal-sized islands form stable, peri- 
odic, 2D arrays under certain growth conditions, on lattice mismatched 
substrates, 

(ii) for islands on the (100) surface of a cubic crystal, the arrangement of 
the array in a 2D periodic square lattice with primitive lattice vec- 
tors oriented along the lowest-stiffness directions [100] and [010] of the 
substrate lattice is energetically preferred. 

An exhaustive investigation of the strain distribution in and around self- 
organized InAs/GaAs islands of pyramidal shape has been performed by 
Grundmann et al. [11.58]. They considered an InAs pyramidally shaped is- 
land on a thin wetting layer (typical geometry for the SK-mode) within GaAs, 
as is observed for self-organized quantum dots grown by MBE (Fig. 11.25). 
In order to obtain the 3D strain distribution for this system, the authors 
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Fig. 11.25. Schematic drawing of 
the quantum dot pyramid geom- 
etry. Lines A and B denote line 
scans in the [001] direction. The 
origin of the 2 :-axis is at the lower 
interface of the wetting layer (WL) 
(taken from [11.58]) 



performed a numerical simulation, in which the total strain energy of the 
structure was minimized in the elastic continuum theory. The approach of 
the elastic continuum theory, used in the calculations, has been shown to be 
valid down to one monolayer thin epitaxial films [11.76]. 

The typical considered pyramid base length was equal to 12 nm, with a 
distance of 30 nm between neighboring pyramids. This work showed that the 
strain distribution in the pyramid does not depend on the actual size of the is- 
land but on its shape. The main effects can be discussed with line scans along 
the z-direction at different positions of the xy plane (Fig. 11.25). The solid line 
shown in Fig. 11.26 denotes Szz^ the dashed line Sxxi and the dotted-dashed 
line Eyy. The line scan intersecting the wetting layer far from the pyramid is 
shown in Fig. 11.26a. Figure 11.26b shows the case when the intersection goes 
through the summit of the pyramid (line A shown in Fig. 11.25). In both cases 
symmetry imposes that Sxx = ^yy • The case when the line scan intersects the 
pyramid at one half of the base length in the [100] direction from the center 
(line B in Fig. 11.25) is shown in Fig. 11.26c. In the wetting layer (Fig. 11.26a) 
the strain is biaxial and entirely confined to In As. Comprehensive (negative) 
interfacial strain causes an expansion along the z-direction {szz is positive), 
known as tetragonal distortion (see Fig. 2.17a). The wetting layer is affected 
by the pyramid only in its vicinity, within a distance of about half of the 
pyramid’s base length. 

Along the line scan through the summit of the pyramid (Fig. 11.26b), a 
very different situation is revealed. Close to the lower interface, Szz is still 
positive but much smaller (?^ 3%) than in the wetting layer because the 
substrate can no longer force the interface lattice constant to be that of 
GaAs. With increasing height within the pyramid, changes its sign and 
becomes negative at the top of the pyramid. This happens because at the 
pyramid summit only small forces act on it in the xy plane, but the GaAs 
barrier environment of the pyramid compresses the pyramid mainly from 
the sides along the ^-direction, imposing tensile strain components in the xy 
plane (sxx = ^yy at the summit become positive). Generally, however, the 
strain is still compressive even at the summit of the pyramid. Around the 
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Fig. 11.26. Strain distribution in and 
around a pyramidal quantum dot for line 
scans in the [001] direction: (a) through the 
wetting layer far away from the pyramid, (b) 
along the line A, and (c) along the line B 
shown in Fig. 11.25. The solid lines denotes 
Szz, the dashed line £xx, and the dotted- 
dashed line £yy (taken from [11.58]) 



pyramid the barrier environment (GaAs in-between the pyramids of In As) 
also becomes significantly strained (^3% close to the interfaces). 

The character of the strain is not determined by the separate components 
of the strain tensor, but by decomposing the strain tensor into the isotropic 
(hydrostatic) and anisotropic parts. Additionally shear strains Sij{i ^ j) also 
exist, which turn out to be significant close to the pyramid edges (intersec- 
tions of the {011} side faces). In Fig. 11.27 the lines cans through the pyramid 
center (line A in Fig. 11.25) of the hydrostatic part I and the biaxial part B of 
the strain tensor are compared. As expected, the inner part of the pyramid 
contains nearly homogeneous hydrostatic strain, while the barrier exhibits 
almost no hydrostatic strain. The biaxial strain is transferred to a significant 
amount into the barrier around the pyramid and has a distinct minimum in 
the pyramid. 

The theoretical results concerning the strain distribution in and around 
the InAs/GaAs pyramidal quantum dots (QDs) have been proved experi- 
mentally by measuring some optical parameters of the QDs which depend on 
the strain inside the dot. The optical phonon energies in the dots were esti- 
mated and perfect agreement with experimental data was found. From the 
variation of the strain tensor the local band-gap modification was calculated, 
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Fig. 11.27. Hydrostatic (dashed line) and biaxial (solid line) strains in the pyra- 
midal quantum dot along the line A shown in Fig. 11.25 (taken from [11.58]) 



including in addition piezoelectric effects, and the thus determined electronic 
structure of the dots was compared with luminescence data characteristic of 
the dots. An agreement between the theoretical data and the luminescence 
experiments has been found. Further experimental evidence of the validity of 
the results gained by dot strain simulation has been presented in [11.60]. 

An interesting feature of the QDs grown due to the SK-mode has been 
presented in [11.61,70]. The energetics of multisheet arrays of 2D QD is- 
lands was studied there theoretically. The structure of the surface sheet is 
determined by thermodynamic equilibrium under the constraint of a fixed 
structure of sheets of buried islands. For the arrangement of islands in a 
single surface sheet both a ID structure of stripes and a 2D structure of 
square-shaped islands were examined (Fig. 11.28). The buried islands were 
considered as planar elastic defects characterized by a uniaxially anisotropic 
straining double force density, and the surface islands were considered as 2D 
islands characterized by an isotropic intrinsic surface stress tensor. It was 
shown that in cubic crystals with a negative parameter of elastic anisotropy 
the elastic interaction between successive sheets of islands parallel to the 
(001) crystallographic plane exhibits an oscillatory decay with the separa- 
tion between the sheets. By varying the distance between successive sheets of 
islands, a transition occurs from vertical correlation between islands (where 
islands of the upper sheet are formed above the buried islands of the lower 
sheet) to anticorrelation between islands (where islands of the upper sheet 
are formed above the spacing in the lower sheet). The separation between 
successive sheets of islands corresponding to this transition depends sensi- 
tively on the anisotropy of the double force density of buried islands. These 
results are in agreement with experimental data concerning anticorrelation 
in multisheet arrays of CdSe islands in the ZnSe matrix [11.70]. 

The physical mechanism of spontaneous formation of ordered semiconduc- 
tor nanostructures usually involves two possible processes. According to the 
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Fig. 11.28. Geometry of double-sheet 
arrays of 2D islands. The array of sur- 
face islands has the same structure as 
the array of buried islands but is shifted 
as a whole, (a) Each sheet of islands 
forms a ID array of stripes. The cross- 
section of the double-sheet structure 
is shown, (b) Each sheet of islands 
forms a 2D array of square-shaped is- 
lands. The plan view of the double- 
sheet structure is plotted. Buried is- 
lands are depicted by dashed lines, and 
solid lines are used for surface islands 
(taken from [11.61,70]) 



first, equilibrium domain structures can be formed in closed systems. Such 
formation is realized by long-time growth interruption or by post- growth an- 
nealing. Thermodynamics can be applied to describe the equilibrium struc- 
tures that meet the conditions of the Gibbs free energy minimum. Second, 
nonequilibrium structures can be formed in open systems. Such structures 
are formed in growth processes and observed in situ or ex situ in as-grown 
samples. These structures are additionally governed by growth kinetics. 

Multisheet arrays of islands are distinct from other types of nanostruc- 
tures for the following reasons: 

(i) Formation of multisheet arrays of 2D or 3D islands is a process that 
is dominated by both equilibrium ordering and kinetic-controlled or- 
dering. If the deposition of the first sheet of islands of material 2 on 
a material 1 is followed by a growth interruption or just the growth 
rate is sufficiently low, islands of the equilibrium structure are formed. 
If then islands are regrown by material 1, and the second cycle of the 
deposition of material 2 is introduced, a new growth mode occurs. For 
typical growth temperatures and growth rates, the structure of the 
buried islands of the first sheet does not change during the deposition 
of the second sheet. The second sheet of islands grows, however, in the 
strain field created by the buried islands of the first sheet. And the 
structure of the second sheet of islands reaches the equilibrium under 
the constraint of the fixed structure of buried islands of the first sheet. 
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(ii) A variation of the separation between successive sheets gives an addi- 
tional possibility (as compared to single-sheet arrays) to tune geomet- 
rical and electronic characteristics of nanostructures. 

(iii) In multisheet arrays of 3D islands the buried islands in successive 
sheets are spatially correlated, which means that at the surface new 
islands are observed to be formed directly above the buried islands. 
This spatial correlation can be explained theoretically by accounting 
the strain created by buried islands. In [11.77] and [11.78] the strain- 
induced migration of adatoms of the growing layer was shown to drive 
adatoms to positions above buried islands. In [11.79], energetically 
preferred sites for nucleation of islands of the second sheet were shown 
to occur above buried islands. In these papers, buried islands were ap- 
proximated as elastic point defects, and the crystal was treated as an 
elastically isotropic medium. 

In seeming contradiction to the above experimental and theoretical results 
other experiments on multisheet arrays of 2D islands of CdSe in the ZnSe 
matrix [11.80] surprisingly revealed vertical anticorrelation between islands 
in successive sheets. Surface islands in this material system are formed above 
the spacings in the sheet of buried islands. This effect is explained as the 
consequence of the influence which separation between successive sheets of 
islands has on the growth process of the upper sheet [11.70]. 

According to the considerations presented above, QD formation requires 
significant lateral mass transport during growth. This kinetic effect (the lat- 
eral mass transport) seems to be a very surprising phenomenon, given that the 
melting temperature at atmospheric pressure of In As is equal to 1215 K. 

An attempt to identify the physical origin of the significant mass transport 
on the top of the wetting layer of critical thickness (see Sect. 2.3, Fig. 2.17 
and Sect. 14.1.4 for definition) has been presented by Bottomley [11.62], 
who based his consideration on the experimentally well established fact that 
hydrostatic pressure induces lowering of the melting point in zincblende struc- 
ture compounds by several hundred K. The model proposed for explaining 
the reduction of the melting temperature of an epitaxial layer due to het- 
eroepit axial stress is as follows. 

In the limit of equilibrium thermodynamics, at zero pressure and at a 
temperature T < the molar Gibbs free energy of the liquid exceeds that 
of the solid by an amount AG(T) given by 

AG{T) = Hi{Tm) - {Tm - T) Cp^i 

- T (si{Tm) - Cpjln - Gs{T) (11.88) 

where i7, Cp, S', and G are the molar enthalpy, specific heat at constant pres- 
sure, entropy and Gibbs free energy. The subscripts and “s” refer to the 
liquid and solid phases, respectively. For In As and GaAs all the quantities in 
(11.88) are available in standard tables. Consistent with its tabulated data 
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Fig. 11.29. Schematic diagram of the liquid Gibbs free energy G as a function 
of alloy fraction x. Curve (a) has two spinodal (inflexion) points denoted by the 
black circles, as for InxGai_xAs at 770 K. Curve (b) has no spinodal points as for 
SixGei_x at 970 K. Inset shows a schematic diagram of liquid Ino. 8 Gao. 2 As layers 
on GaAs (001). The squares represent liquid group III-As pairs. Q is a pair in the 
second bilayer, and V is a vacancy in the third bilayer. The one monolayer thick 
wetting layer has been omitted for simplicity (taken from [11.62]) 

for T > T^, Cp^i is assumed to be constant for T < Tm [11.81]. Heteroepitax- 
ial misfit causes the molar Gibbs free energy of the solid film to increase by 
an amount f Vdp, where V is the solid molar volume (compare with (11.5)). 
The result of the integral can be understood if one recalls that the stress 
tensor for hydrostatic pressure for a thin film of cubic symmetry on the (001) 
face is 

(^XX = CTyy = (Cll - Cl 2 )(cil + 2 ci2)) (11.89) 

where the Cij are the elastic stiffness constants of the film, Sx is the epitaxial 
strain, and the other elements of aij are zero [11.62]. Assuming the heteroepi- 
t axial liquid phase is not stressed, the critical strain required to melt a thin 
solid film on the (001) face at a temperature T is 

Sa:{T) = -(3cii/(2(cn - Ci 2 )(cn + 2 ci 2 )))(AG(T)/V^) (11.90) 

where AG(T) is given by (11.88). For In As and GaAs at a temperature of 
770 K, one obtains critical strains of —1.7% and —1.9%, respectively. When 
InAs is grown on GaAs, the strain is —6.7%. Therefore, for InxGai_xAs 
heteroepitaxy on GaAs (001) at 770 K, melting is predicted for compositions 
X > 0.3. The form of G{x) for InxGai_xAs at 770 K is indicated schematically 
in curve (a) in Fig. 11.29. The points marked by circles are spinodal (inflexion) 
points: bulk compositions intermediate to the spinodal points exhibit so- 
called spinodal decomposition, or compositional instability in the limit of 
equilibrium thermodynamics [11.1,82]. 

The prediction of melting for x > 0.3 is consistent with the 3D island- 
shaped interfacial morphology reported in [11.83] for InxGai_xAs growth at 
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compositions x > 0.35. For InAs grown on GaAs (001) at 770 K, the theory 
predicts that the InAs is in liquid phase, and equilibrium thermodynamics 
[11.82] can be applied in the limit that the liquid phase’s viscosity is negli- 
gible. In general, dot or alloy formation may be hindered or prevented if the 
liquid phase viscosity is sufficiently large. 

Concluding this consideration on the physical origin of InAs QDs on 
GaAs(OOl) one has to emphasize that the large heteroepitaxial stress causes 
InAs to melt when deposited on GaAs(OOl) at 770 K. This leads to mixing 
with the substrate in order to realize a local minimum in the Gibbs free 
energy of the liquid phase, producing an approximate liquid composition 
of Ino.8Gao.2As. QD formation occurs after about two monolayers of liquid 
material accumulate in order to minimize the surface tension but without 
reducing the net coordination of the liquid phase atoms. It is worth point- 
ing out that in the case of melting induced by heteroepitaxial stress, in the 
limit of equilibrium thermodynamics, interdiffusion with the substrate is ex- 
pected to be more substantial than the interdiffusion which would occur for 
the epitaxial growth of a solid film on a solid substrate. 

11.5.2 Strain-Induced Lateral Ordering; Quantum Wires 

The second SO effect, i.e., the SILO effect, is related to self-organized 
quantum wire (QWR) structures. So far, this has been observed when 
{GaF)fi/(lnP)ji and (GaAs) 7^/ (InAs) short-period (n = 1, 2) superlattices 
(SPS) are grown on GaAs (001) and InP (001), respectively [11.55]. 

The SILO effect leads to formation of lateral quantum wells in vertical 
SPS of (GaP)77/(InP)77 and (GaAs) 77/ (InAs) 77. The strain induced from the 
deviation of superlattice periodicity d 2 e from na^ is the major driving force 
of the lateral modulation of the composition along the [110] direction, where 
the integer n is the number of monolayers of each binary compound within 
a period of SPS structure, d 2 e is the thickness of the two binary compound 
layers creating the thickness period of the SPS, and is the lattice constant 
of the substrate material. The percentage thickness deviation of the super- 
lattice periodicity from na^, i.e., {d 2 e — nag) /nag, is denoted by AT. When 
AT is larger than 4%, both {G3P)n/{lnP)ji and (GaAs) 77/ (InAs) 77 ordered 
vertical SPS layers were found to have a lateral periodic modulation of com- 
position with periodicities as small as 200 A. This effect is enhanced when 
n was increased from 1 to 2. 

A schematic illustration of the (InP)2/(GaP)2 bilayer superlattice and the 
type-I to type-II superlattice [11.84] modulation for electron- valence band 
transitions is shown in Fig. 11.30, and Fig. 11.31 shows the cross-sectional 
TEM images from a (GaAs) 1/ (InAs) 1 SPS structure with AT = 11.5%. A 
uniform image appears in the [110] cross-section (the plane shown in the 
TEM image is perpendicular to the [110] direction) and a modulated image 
composed of moderate dark and light fringes, each approximately 100 A wide, 
parallel to the growth direction appears in the [110] cross-section. Similar 
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(InP)2/ (GaP)2 BSL with SILO quantum wires 




Fig. 11.30. A schematic diagram of the (lnP)2/(GaP)2 bilayer SPS and the type-I 
to type-II super lattice modulation for electron (e)- valence band (vl) and electron 
(e)- valence band (v2) transitions (taken from [11.55]) 




[ 110 ] [ 110 ] 

Fig. 11.31. Dark field cross-sectional transmission electron micrographs of the 
(GaAs)i/(InAs)i SPS grown on the Gao.5Ino.5As buffer layer along the [100] direc- 
tion perpendicular to the on-axis InP (100) substrate. The TEM micrographs show: 
(left) the (110) and (right) the (110) planes. AT = 11.5% (taken from [11.65]) 
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cross-sectional TEM images of a (InP) 2 /(GaP )2 SPS sample with a thickness 
deviation of AT = 6.2% have been reported in [11.67]. 

The experimental results of [11.65] and [11.67] indicate that a lateral 
modulation of the composition exists only in SPS structures with a moderate 
to large deviation AT of the superlattice periodicity from na^. Therefore, the 
lateral composition modulation process is strongly related to the magnitude 
of the induced strain in the SPS structure. The following thermodynamic 
arguments support this statement. 

The occurrence of both vertical long-range ordering and lateral composi- 
tional modulation (phase separation or lateral layer ordering) in the binary 
SPS structures is unfavorable. This is because the thermodynamic driving 
forces for their formation are opposite to each other. However, the experi- 
mentally evidenced existence of both of these ordering features of the het- 
erostructure with SPS suggests that the thermodynamic requirements are 
relaxed by factors other than the formation enthalpies and entropies. One of 
these factors is the induced strain associated with the deviation of superlat- 
tice periodicity in the SPS structure from na^. Taking into account elastic 
strain relaxation, Glas [11.63] demonstrated that when the composition was 
modulated in an epitaxial layer in directions parallel to the substrate surface, 
i.e., when the SILO effect occurs, the layer was more thermodynamically sta- 
ble than its unmodulated counterpart. The implication of this model is that 
a strained epitaxial layer, if kinetically feasible, will undergo a lateral compo- 
sitional modulation first, rather than a less favorable reaction of generating 
misfit dislocations to relieve the misfit strain. 

Thus, the driving force for the lateral ordering is attributed to the surface 
strain generated during the initial stages of heteroepitaxial growth of the SPS 
and attendant spinodal decomposition of these structures (decomposition due 
to a miscibility gap in solid solutions). In addition, once a lateral modulation 
of the composition has started, it will continue with the same periodicity. 
This latter property leads to the creation by the SILO effect of a lateral 
QWR array in the SPS heterostructure in the 

(GaP) 72 /(InP) 77 , and (GaAs)yi/(InAs )72 material systems. 

A general analysis of the SILO effect is presented in [11.54], part II, in 
the framework of the thermodynamic theory of polydomain heterostructure 
formation. The QWR arrays shown in Figs. 11.30 and 1 1. 31 present a special 
case of polydomain heterostructures (compare it with Fig. 11.24). 

The crucial point related to generating a QWR-like polydomain het- 
erostructure is the thickness of the epilayer (in the above considered cases the 
thickness of the binary compound layer in the SPS). Let the lateral period 
of the polydomain structure (the QWR array) be denoted by T), and the 
thickness of the epilayer by h (see Fig. 11.24). Then, for structures of D <C /i, 
microstresses occurring in the heterostructure contribute only to the effective 
energy of the interfaces. They do not cause a real interaction between the in- 
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Fig. 11.32. The dependence of the free energy on domain fraction a, for a two 
phase poly domain heterostructure of constant domain period. The thickness of the 
active layer h is taken as the parameter here (taken from [11.54]) 



terfaces, which is needed for generating the lateral ordering. In the limit of 
D/h 0 no QWRs will exist. 

The theory presented in [11.54] is quantitatively correct only for het- 
erostructures with D h; however, in the case of QWRs shown in Fig. 11.31 
D ^ 200 A while h ^ qA. Nevertheless the theory gives useful qualitative 
estimates for D/h ^ 1. Extension of the theory to cases oi D/h > 1 has 
to be based on the involvement of the factors closely related to the inter- 
action between interfaces through their microstresses. The first results indi- 
cating considerable progress in this direction have already been published in 
[11.85-87]. For interacting interfaces the energy of microstresses depends on 
mutual arrangement of the stress source at neighboring interfaces and there- 
fore has different fractional dependence for different polydomain geometry. 
We will not go further into the theoretical details, but present a few of the 
most interesting results. These results are shown in Figs 11.32 and 11.33 after 
[11.54], part II. The first figure concerns the dependence of the free energy 
of the heterostructure on domain fraction, with the thickness of the active 
layer treated as a parameter (the domain fraction a gives the partial amount 
of the phase A in a multiphase heterostructure A + 5 + C -h . . •)• 

For h > her, where her is the critical thickness below which the poly do- 
main heterostructure becomes unstable, the equilibrium domain structure is 
a symmetrical equidomain structure with equal domain fractions aequ 
(in the structure shown in Fig. 11.32 there are two phases, the black one and 
the white one; Aa = and the Gibbs free energy is denoted as /). If the 

active layer thickness h becomes less than her, a break of symmetry occurs in 
the heterostructure, which causes the energy minimum at Aa = 0(o! to 





11.5 Self- Organization Processes 315 





Fig. 11.33. The free energy and stress-strain relation of the two phase polydomain 
heterolayer with a subcritical thickness, a = ((l/£)d/)/(dAa), where £ is the strain; 
the spinodal inflection points on /(a) correspond to extrema on the a(e) curve 
(taken from [11.54]) 



disappear and two minima corresponding to the equivalent nonequilibrium 
states with Aa = — hcr/h to appear. 

Figure 11.33 shows the free energy and the stress-strain relation of the 
polydomain heterostructure of subcritical thickness {h < /icr)- It is important 
to note that the elasticity of heterostructures with active layers of subcritical 
thickness is a strongly nonlinear function of stress. Thus, the presence of two 
minima separated by a nonconvex section of /(a) makes it possible to switch 
the equilibrium domain structures from one to the other. The compliance 
(a quantity which characterizes the dependence of the equilibrium strain on 
stress) becomes infinity at some stresses when the domain fraction reaches the 
spinodal points, where d^//da^ = 0. At these stresses the domain structure 
jumps from one equilibrium state to the other. The reverse switching requires 
reaching the other spinodal point. Thus there is a hysteresis in strain response 
of a heterostructure to reversible stress [11.54]. 
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11.6 Morphological Stability in Epitaxy 

In many technically important epitaxial multilayer structures nonplanar in- 
terfaces between different heteroepitaxial layers appear. Surface corrugations 
for grating waveguide couplers or distributed- feedback lasers, buried ridge 
waveguides, V-grooved substrates for stripe geometry or quantum wire lasers, 
may serve as examples [11.88]. Most frequently the nonplanar interfaces are 
covered by epitaxial layers which at the counter-side are bounded by planar 
surfaces. Consequently, the crystallization of a uniform, planar coverage on 
the top of a nonplanar substrate surface, regardless of the shape of this sur- 
face, can be believed to be one of the most important goals in the fabrication 
process of these devices. 

An epitaxial layer crystallized over a profiled substrate will, at the 
counter-side, exhibit a surface whose shape depends on the definite growth 
conditions chosen. For studying the evolution in time of the profiled interface 
during the crystallization of an epitaxial overgrowth, one may use the lin- 
ear morphological stability theory of Mullins and Sekerka (hereafter the MS 
theory). The theory has been extensively developed [11.89-94], following the 
now-classic papers by these authors [11.95-97]. 

11.6.1 The Mullins— Sekerka Theory 

The MS theory deals with the crystal-melt interface during solidification of 
a dilute binary alloy. However, its main ideas and mathematical formalism 
can be used for studying also the crystal-vapor or crystal-solid interfaces 
when crystallizing from the vapor phase [11.98-100], or from the solid phase 
[11.90]. The principal physical assumptions on which the MS theory is based 
are those of isotropy of bulk and surface parameters in the metastable fluid 
phase and on the growing interface, as well as local equilibrium at all points 
of this interface. The critical mathematical simplification is the use of steady- 
state values for thermal and concentration (diffusion) fields. Moreover, disso- 
lution or thermal decomposition effects on the profiled substrate surface are 
excluded [11.7,95-97]. This means that the MS theory, when applied to the 
problems of morphological stability in epitaxy, delivers quantitative results 
which should be treated merely as an approximation to reality. Nevertheless, 
even approximate information obtained in a relatively simple way may be of 
considerable use for crystal growers involved in the epitaxial technology of 
semiconductor devices with nonplanar interfaces. A morphological stability 
theory which would take into consideration all specific features of the epi- 
taxial growth processes should be quite sophisticated from the mathematical 
point of view [11.89, 101, 102], which exceeds the scope of this book. 

Let us consider a profiled interface separating the substrate crystal from 
a fluid (liquid or gaseous) phase which is called the metastable phase (see 
Sect. 1.1, Fig. 1.1). Suppose this interface has a shape which can be repre- 
sented in a Cartesian coordinate system (x, z) by a periodic function z(x). 
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Fig. 11.34. Schematic illustration of periodically profiled substrate surface (a) 
and examples of stable (b) and unstable (c) behavior of this interface shape during 
crystallization of a covering epitaxial layer (taken from [11.88]) 



with the spatial period p along the x-coordinate (Fig. 11.34a). For the sake 
of simplicity we consider here only interfaces for which z{y) = const. Such 
interfaces (periodically profiled along one direction) are met in practice when 
a planar substrate becomes patterned by etching. 

Following the MS theory we consider the periodically profiled substrate 
surface z{x) to be a small perturbation to the initially planar (fiat) interface 
z{x^y) = 0, between the growing crystal and the crystallizing metastable 
phase. This means that the amplitude d of the function z{x) (Fig. 11.34a) 
has to be small, compared to the spatial period p of this function. For the 
surface shapes most frequently met in optoelectronic devices, this is more 
or less true [11.88]. Consequently, z{x) can be Fourier- analyzed [11.100], 
yielding 

oo 

z{x) = bo/2 -f ^(un sinn(27r/A)x bn cosn(27r/A)x), (11.91) 

n=l 

where the Fourier coefficients and bn are given by 
A 

a„ - (2/A) / z{x) smn{27r/X)xdz, (11.92) 

0 



and 
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A 



hn = 




z{x) cos n{27r/ X)xdz. 



(11.93) 



0 

The evolution in time of the profiled interface during the crystallization of 
an epitaxial overgrowth can be found by considering the development of its 
general Fourier component [11.92] 



zf{Xj t) = A{t) exp(iujx) = Aq exp{iujx + f{uj)t). 



(11.94) 



Aq is here the initial amplitude of the Fourier component of the substrate 
surface disturbance with periodicity A = 27r/o;. This disturbance will be 
considered to be small, compared to its lateral extent, if Aq ^ A. The function 
f{uj) appearing in the exponent is called the stability function [11.98]. The 
development in time of the amplitude A{t) depends on the sign and the 
absolute value of this function. If f{uj) is negative the initial perturbation will 
decay (Fig. 11.34b), while for positive value of this function the perturbation 
will grow (Fig. 11.34c). 



11.6.2 Morphological Stability in LPE 

The stability function depends on the crystallization parameters describing 
the epitaxial growth process. When these parameters are known, the function 
can be calculated, and the evolution in time of the nonplanar interface 
can be predicted. Proving whether the periodic perturbation grows or decays 
for specified crystallization conditions, one has to evaluate the time derivative 
dA(t)/dt. To this end the growth rate at each position of the interface should 
be calculated in terms of the suitable thermodynamic driving force of the 
crystallization process considered. These calculations differ in detail for each 
epitaxial growth technique we are interested in. 

For the sake of brevity the relevant considerations will be restricted only to 
one epitaxial growth technique. This will be liquid phase epitaxy (LPE), the 
technique which is most suitable for being analyzed by using the MS theory. 
The LPE growth process will be considered in its confined solution slider 
variant applied to the GaAs/AlGaAs material system [11.103]. This variant 
of LPE enables precise control of thickness, morphology, and uniformity of 
the crystallized layers [11.11]. 

The idea of the LPE slider technique with confined solution volume is 
illustrated in Fig. 11.35. A GaAs slice is placed on top of the liquid solution 
and constrained to remain parallel to the substrate, separated by a very 
thin solution layer of only a few millimeters thickness. The growth process is 
entirely controlled by the diffusion of nutrients (As atoms in the diluted Ga 
solution of GaAs or AlGaAs) through the solution layer toward the substrate. 
It is slow (typical growth rate is in the range of 10 As” ^ [11.103]) and the heat 
transport can be ignored. For such crystallization conditions the assumptions 
of the MS theory are well justified, and the morphological stability function 
f{uj) defined by (11.94) as 
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solutions 

(Ga+Al+As+dopants) 





Fig. 11.35. The central part of a fused silica tube LPE reactor (a) The cross- 
section of the graphite slider boat typical for the confined solution volume variant 
of LPE is shown. The Ga solutions 1, 2, 3 are confined to very small volumes by the 
substrate platelet or the slider rod from the bottom side and by the saturating GaAs 
plates from the top side, (b) The spatial distribution of the solute concentration 
near the liquid-solid interface (taken from [11.88]) 



f{^) 



dA{t)/dt 

A{t) 



has, for a definite point x = xq of the interface, the form 



(11.95) 



I {os Cp) 

^ G - clFuj^ 



(11.96) 



In this formula D stands for the diffusion coefficient of the solute in the 
solution (As atoms in Ga solution), and G is the concentration gradient of the 
solute atoms (As) at the solid-liquid interface (dc/dz||^=o). The coefficients 
Cs, Cp, and Cl (Fig. 11.35b) are the concentrations of As atoms in the epitaxial 
layer of GaAs (or AlGaAs) , in the liquid at the planar interface, and in the 
bnlk of the solution, respectively. F = 7 /L is the capillary constant, with 7 
and L standing for the solid-liquid interface free energy per unit area (surface 
tension) and for the latent heat of solidification, uj = 27t/A is the spatial 




320 11. Thermodynamic Aspects 



frequency of the Fourier component of the profiled interface (see (11.94)). The 
first term in the parentheses of this equation may be interpreted physically 
as being due to an increase in the concentration gradients of the solute onto 
the hills on the perturbed interface. This term always causes instability. The 
second term is due to the concentration gradients along the surface (in its 
lateral extent) which cause solute transport and so tend to smooth out the 
cosinusoidal disturbance (see Fig. 11.34b and c). As one can see, the sign 
of the stability function is determined by the difference of the terms in the 
parentheses. This means that the competition between the diffusion toward 
the growing interface and the migration over the surface (of the solute in the 
liquid phase) defines the sign of the function f{uj). 

Morphological stability functions may be calculated for other epitaxial 
growth techniques, too [11.88]. For example, in the case of MOVPE the 
relevant function has the form similar to the LPE function, i.e., 

/(<^)movpe = 7 — 77 — s{Gg - cyTuP) (11.97) 

fCs Cg) 

and for MBE 

/(‘^)mbe = , A Gg - CgFuj^ - Cgr{D,5/D)uj^) (11.98) 

fCs Cg) 

where D is the diffusion coefficient of the reactive component in the diffusion 
boundary layer shown in Figs. 8.1 and 11.2 or in the near surface transition 
layer shown in Fig. l.lb-d, Gg is the relevant concentration gradient at the 
crystallization interface, Cg stands for the equilibrium concentration of the 
reactive component at the planar interface in the boundary layer (near surface 
transition layer) , cy is the respective concentration in the main gas stream in 
the MOVPE reactor (this is replaced by Cg in the case of the ultrahigh vacuum 
of the MBE reactor), and c^, F and u have the same meanings as in (11.96). 
In the case of MBE, Ds means the surface diffusion constant of the reactive 
component over the crystallization interface, while S is the thickness of the 
near surface transition layer (see Fig. 1.1). The third term in parentheses in 
(11.98) represents the surface diffusion smoothing effect [11.104], which in 
MBE is much more pronounced than in LPE or MOVPE. 
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The physics of epitaxial crystal growth is usually based on two kinds of the- 
oretical approximations, i.e., a macroscopic approach using phenomenologi- 
cal thermodynamics [12.1], and a microscopic, or atomistic approach, using 
stochastic models [12.2]. So far the principles of epitaxy have been discussed 
in a macroscopic, thermodynamic approach. Here, the microscopic aspects of 
epitaxial crystallization will be considered, mainly in the frames of statistical 
physics [12.3] and quantum mechanics of chemical bonds in crystals [12.4]. 
Since the epitaxial growth process takes place at the surface of a single- 
crystalline substrate, one has to be aware of the influence which the surface 
structure exerts on this process (for more information see Chap. 13) 



12.1 Incorporating of Adatoms into a Crystal Lattice 

Before considering the crystallization in the atomic scale let us identify when, 
or in what situations, an atom impinging onto the surface is said to be crys- 
tallized. In the gas phase an atom is free and makes no bonds with other 
atoms. In the bulk of a crystal it makes bonds with neighboring atoms 
to lower the energy is here the coordination number characteristic of the 
lattice of the crystal). The energy gain for each connected bond is set equal 
to — Thus, for N crystallized atoms there are in total z\yN j 2 bonds, and 
the total cohesive energy of the crystal is —Z}yN^j2^ or —Zb^l2 per crys- 
tal atom. When the crystal melts, the atoms become free without any bond 
connections, and the cohesive energy is zero. 



12.1.1 Kossel’s Model of Crystallization 

Let us consider an atom freely moving in the gas phase, which impinges on 
the substrate crystal and makes there bonds to 2 :^ nearest neighbors of the 
substrate. If Zg is the maximal possible number of neighbors which an atom 
can have in the first atomic monolayer of the surface then this atom can 
be regarded to be incorporated into the substrate crystal (is crystallized). 
However, as a result of the fact that the crystal lattice of the substrate is 
truncated at the surface, is always less than z^. Now, an important problem 




322 12. Atomistic Aspects 





Fig. 12.1. (a) Surface configuration with terraces bounded by a step with kinks 
(taken from [12.3]). (b) Kossel’s model of a crystal A deposited on a substrate B. 
Bond energies: (i) of an isolated adsorbed atom ^ab and of two atoms adsorbed 
(ii) at a repeatable step, <^ab + and (iii) at the kink of the step, ^ab + ‘2<Paa, 
are indicated (taken from [12.5]) 



arises, i.e., when will an atom be able to acquire bonds on the substrate 
surface? 

On a completely flat crystal surface, the adsorbed atom cannot make so 
many bonds. But usually on a real crystal surface, there are various defects 
as shown in Fig. 12.1 a. A flat portion of the surface is called a terrace. When 
the heights of two consecutive terraces differ, there is a step between them. A 
step can be straight as it runs in a closed packed direction. It can also bend 
and change the orientation at a kink position. When an atom impinges on a 
flat terrace, the atom makes only a few bonds with the underlying atoms. The 
bond connection is so weak that the atom can migrate on the surface. This 
atom is called for short an adatom (adsorbed atom). During migration, the 
adatom may come in contact with an uprising step. Such a step provides some 
additional bonds parallel to the terrace, but the number of bonds is still less 
than Zg. Therefore, the adatom can slide along the step edge by diffusion, 
and may reach the kink position where there are Zg nearest neighbors. At 
this kink site, the adatom becomes incorporated into the substrate crystal 
(becomes crystallized). The striking feature of the kink site is that it never 
disappears by crystallization or melting; it only slides along the step. 

Much of the theoretical work on epitaxial growth has been based on atom- 
istic models of two crystals, the substrate and the growing epilayer. Such mod- 
els including only first-neighbor interactions are, at first, sufficient to draw 
the main points of the growth phenomena [12.5]. No fundamental restriction 
is involved if one assumes that both crystals have a simple cubic structure. 
This assumption is the basis of Kossel’s model of a crystal A deposited on a 
substrate B (see Fig. 12.1b) [12.5]. This model, when considering both the 
kinetics and mechanisms of epitaxial growth, takes into account the presence 
of steps, kinks, ledges, etc., on the substrate surface otherwise free of defects 
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such as screw dislocations or impurities. The consequence of Kossel’s model 
is the treatment of the substrate surface as being divided into crystal sites 
(see Sect. 7.1.1, Fig. 7.4). 

Very often in studies on epitaxy, based on atomistic models, the so-called 
solid-on-solid (SOS) approximation is used [12.6]. In this approximation one 
assumes that: 

(i) an atom can become bound to the solid surface only on top of another, 
thus, preventing any overhangs (and vacancies) in the solid, 

(ii) crystal sites are fixed positions on a crystal surface, and 

(iii) the kinetic processes occurring during epitaxy that cause transitions of 
the adatoms among these sites are described by Arrhenius-type rates 

/^(T)=/^oexp([-^^ (12.1) 

where Kq is the rate constant of the kinetic process (the attempt rate), Ea 
is the activation barrier (the activation energy), is Boltzmann’s constant 
and T is the absolute temperature. The essential point is that the rates 
are determined by the transition-state barrier Ea^ which is not necessarily 
associated with either the initial state or the final state of the definite process. 

The epitaxial growth process is initiated by adding atoms randomly to 
the atomic columns at each site at an average rate of where t is the 
layer completion time. The surface migration of adatoms is taken as a nearest 
neighbor hopping process, whose rate is described by a relevant rate equation 
of the form of (12.1) (the temperature across the substrate is assumed to 
be constant, while the activation barrier is taken as depending only on the 
initial environment of the migrating adatom). The lateral interactions of the 
migrating adatoms with other adatoms, or crystal sites of steps and kinks on 
the substrate surface, as well as the perpendicular interactions with substrate 
surface sites, are described in this microscopic approach by one-dimensional 
two-body interaction potentials (see Sect. 7.1.1, Fig. 7.5). 

With these conditions established, let us consider the substrate B and the 
deposit A realizing parallel contact between two (100) faces having the same 
unit mesh parameter (the same lattice constant). The interaction energies 
between two nearest neighbor atoms of the same solid phase are denoted 
^aa and ^bb-, while ^ab stands for the interaction energy of atoms of two 
different phases in contact with each other. These quantities are positive, 
however, with a minus sign they are equivalent to the relevant potential 
energies. The surface energies defined in Sect. 11.4.1 are related to these 
interaction energies by 

cfb = — (12.2) 

where c? is the area occupied by an atom in the surface atomic plane. Dupre’s 
relation (11.82) leads with (12.2) to the definition of a parameter = cr^2a^, 
such as 
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= ^aa + (12.3) 

which characterizes the interface. If no adhesion to the substrate surface 
occurs (/? = 0), then ^ab = 0, and = ^aa + On the contrary, if 

f3 = 2a Ai then ^ab = ^aa which means that the adhesion between A and B 
is the same as the adhesion of A on A which would correspond to a situation 
of homoepitaxy. One may conclude that the case f3 > 2aA mentioned in 
Sect. 11.4.1 has physical significance because nothing forbids the occurrence 
of the case in which ^ab > ^aa- The two inequalities given in Sect. 11.4.1, 
differentiating between 3D and 2D growth modes in epitaxy {(5 < 2a a and 
(3 > 2a A^ respectively), now become: 

(i) ^ab < ^AA ^ 3D growth (12.4) 

{ii) <^ab > ^AA 2D growth. 

The following conclusion is now obvious: the 3D (2D) growth mode occurs 
when the interaction energy of an atom of the deposit with the substrate is 
less than (greater than) to the energy that this atom would have on its own 
substrate [12.5]. 

12.1.2 Lattice Gas Models 

A quantitative study of the phase transitions in epitaxial crystal growth (in 
the atomistic approach) requires definitions of microscopic models for the 
crystal-melt (solution) and crystal-vapor interfaces [12.7]. Among the va- 
riety of models for the melting-freezing or solidification-evaporation transi- 
tions, the lattice gas models (LG models) seem to be most suitable [12.8-14]. 
These models [12.10] assume on both sides of the interface about the same 
density and short-range order (SRO) of the relevant phases, but a different 
long-range order (LRO) or/and different symmetry. 

The simplest LG model is the one-component lattice gas with nearest- 
neighbor interaction [12.15]. It represents fluid (disordered, metastable phase) 
and solid (ordered phase exhibiting both SRO and LRO) phases of the same 
species A in contact at the interface. This model introduces a lattice sys- 
tem, in which the space is divided into discrete lattice points. Each lattice 
point can be occupied by an atom of the solid, by an atom of the fluid, or 
can be empty (Fig. 12.2). Double occupancy of a lattice point is forbidden. 
Stochastic evolution of the system consists of the following steps. Every gas 
atom hops freely from a lattice site to one of its nearest neighbors, unless it 
is occupied. When a gas atom diffuses to come into contact with solid atoms, 
it crystallizes with a definite probability W . Inverse to this crystallization 
process is evaporation, where an atom of the solid phase at an interface tries 
to turn into a the gas phase atom. These crystallization and evaporation 
processes at the interface should satisfy the thermodynamic detailed balance 
condition [12.16]. Evaporation in the bulk crystal and solidification in the 
bulk of the gas phase are neglected in this approximation. A mobile atom 
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(a) 



(b) 



(c) 



Fig. 12.2. (a) LG model for a solid-liquid type transition. The molecules (shaded 
areas) cover more than one lattice point, have a strong short-ranged repulsion (hard- 
core repulsion) and their close-packed structure do not match the lattice symmetry, 
(b) Ising model. Every atom/molecule occupies one lattice point. There is a hard- 
core repulsion between nearest neighbors and a short-ranged attractive interaction. 
An interface may be introduced by appropriate boundary conditions. There exists a 
critical temperature Tc, above which the two phases (formerly separated by the in- 
terface) become equivalent (the interface then disappears), (c) Solid-on-solid model. 
The interface between solid and vapor exists at all temperatures, since overhanging 
structures (admissible in the Ising model) are excluded by definition (taken from 
[12.7]) 

of the fluid gives an entropy contribution to the chemical potential of the 
system (see Sect. 11.1.1), whereas an atom of the solid is immobile but has 
a contribution to the chemical potential from its energy [12.13]. 

A simple generalization of the one-component lattice gas is the binary 
lattice gas [12.14]. In this model each site of the lattice either is occupied 
by an atom of species A, an atom of species 5, or remains vacant. This is a 
special case of a ternary alloy, thus, the binary lattice gas model is suitable 
to be applied in studies on epitaxial growth of alloys [12.17, 18]. 

In the frames of the LG models, atoms are allowed to move only stepwise 
between the lattice points. There occur two overlapping interactions between 
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the nearest neighbors in the lattice, i.e., infinite hard-core repulsion, and 
short-range attraction. The question which naturally arises in relation to the 
LG models concerns the relationship between the lattice gas and: 

(i) the real gas in which the atoms are not restricted to move on lattice 
points only, 

(ii) the real liquid which may consist of atoms or molecules. 

The admissibility of the LG models to be used for analyzing crystallization 
phase transitions is based on statistical-thermodynamic arguments [12.8]. If 
one replaces the configurational integral in the partition function of the real 
gas by a summation over lattice points, then one will obtain the partition 
function of the lattice gas. Subsequently, by making the lattice constant (the 
distance between the nearest neighbors in the lattice) smaller and smaller, 
successively better approximations to the partition function of the real gas 
can be obtained. In the case of liquids one has to take into consideration the 
possibility of covering more than only one lattice point by the liquid molecule 
(see Fig. 12.2a). 

An important advantage of the LG models is their mathematical equiv- 
alence to the ferromagnetic Ising model in an external magnetic field [12.8], 
which is the simplest lattice model exhibiting first-, and second-order phase 
transitions [12.19, 20]. For example, the problem of order-disorder transitions 
in two dimensions was solved with this model in 1944 by Onsager [12.21]. 
Since that time, a number of studies concerning higher dimensional Ising 
models have been published [12.22-25]. Let us compare these models in brief. 

In the Ising model one considers a lattice of interacting spins, each of 
which can assume two possible positions, i.e., an upward position symbolized 
by and a downward position J.. In the LG models one considers a corre- 
sponding lattice with each lattice point either vacant or occupied by an atom. 
To each configuration of the lattice of spins there corresponds a configuration 
of the lattice gas in which a lattice point is vacant or occupied according as 
whether the corresponding spin is t or Using this geometrical correspon- 
dence, the mathematical equivalence of the two models could be established 
[12.8]. In doing this the following identification of corresponding quantities 
has been used: 



In the Ising model: 

number of spins in the system 
number of downward spins 
number of upward spins 
2/(1-/) O 

where I stands for the intensity 

-{F + He) 



In the LG models: 

volume of the system 
number of atoms in the lattice points 
number of empty lattice points 
specific volume per atom 



of magnetization of the spin lattice system 
pressure in the lattice gas 
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where F stands for the free energy per spin, while He is the intensity of the 
external magnetic field. 

The formal similarity of the two Hamiltonians, representing the total en- 
ergies of the spin system and of the lattice gas, may also be shown. To this 
end let us consider two atoms of the lattice gas, namely an atom in the solid 
phase and an atom in the gas phase of the same species. With each atom 
in the solid an energy gain fis equal to is associated, while a gas 

atom gains entropy by changing its position with a neighboring empty site. 
This exchange process also mimics the diffusion in the gas phase. The effect 
of the surface tension can, for example, be incorporated by an energy cost 
of 2J = ^aa > 0, in breaking a solid-solid nearest-neighbor bond. These 
energetic parameters are summarized in the Hamiltonian of the form 

H = 2JJ2 (G*(1 -Cj) + {1- C\)Cj) + ^ a (12.5) 

id i 

where the first summation runs over all the nearest neighbor pairs, and the 
crystallization order parameter Ci on the i-th lattice site is unity when it 
is occupied by a solid atom and vanishes otherwise. In terms of an Ising 
spin variable Si = 2C{ — 1 = ±1, the Hamiltonian reduces to that of a 
ferromagnetic Ising model in an external magnetic field, 

= + + ( 12 . 6 ) 

Here J is the quantum mechanical exchange energy, /j^s is the magnetostatic 
interaction energy of the nearest-neighbor spins, the volume V is the total 
number of lattice sites and 2 : is the coordination number of the spin lattice. 

In view of the presented considerations, one may recognize that the solid- 
on-solid (SOS) lattice gas approximation (see Fig. 12.1b) corresponds to a 
restricted version of the Ising model, because no overhangs or vacancies in 
the lattice are allowed in this approximation (see Fig. 12.2b and c). It is 
worth noticing that an adatom adsorbed at a kink site in a lattice of the 
SOS approximation corresponds in the Ising model to a spin with three of 
its nearest neighbors having downward spins (on sites where the SOS lattice 
gas atom is bonded to the three kink sites), and the other three nearest 
neighbors having upward spins (on the sites where no bonds occur to the 
adatom (represented in the SOS approximation by a cube)). Reversing the 
spin in the Ising model corresponds to evaporation or to impingement with 
subsequent adsorption in all of the LG models, and thus, also in the SOS 
approximation [12.26]. 



12.1.3 Stochastic Model of Epitaxy 

In conclusion to this section, let us consider the stochastic model of epi- 
taxy given by Nakayama et al. in [12.27]. We will treat here a zincblende 
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(ZB) crystal system of a semiconductor epilayer of formed 

on the binary compound substrate (001) surface. The growing (001) 

plane is a face-centered cubic (fee) sublattice plane of the zincblende lattice. 
Therefore, in order to describe the ordering behavior of the adparticles in 
the epitaxial growth of the {A,B) column-III sublattice, the growth of {A,B) 
(001) two-dimensional square lattice will be considered at first. Interatomic 
interactions which are key factors in description of ordering phenomena in 
epitaxial growth are taken into account for a binary system within the frame- 
work of the Ising Hamiltonian of surface atoms. In the presented study, the 
Ising parameters were given a priori as calculating parameters. The master 
equation for the site-occupation probability, describing the binary growth 
system, is given by 

^ ~^P^i{x,t)py{x - r,t)w^{x ^ X - r) 

r 

+ t)Wf,{x - r -> x) (12.7) 

r 

+ J^lPadA^,t)py{x,t), 

where p/j^{x^t) is the occupation probability of atom /i = {A or B) at site x 
and time t, while w^{i j) is the atomic-jump probability from lattice site i 
to a vacant lattice site j. r and stands here for the site displacement vector 
of the jumping atom, and the molecular beam flux of atom //, respectively. 
The first two terms in the right-hand side of the master equation show the 
site-exchange (jumping) terms and the last term comes from the adsorption 
of impinging atoms. py{x^t) = I — is the probability of finding a 

vacant site at (x,t). The master equation (12.7) was used in the presented 
study, so as to take the local atomic configuration into account in the formu- 
lation of adsorption and atomic jump probabilities on the basis of the square 
lattice gas model. 

The relevant Ising Hamiltonian of the growing surface, which is charac- 
terized by the atomic configuration <^(cr) on a 2D square lattice, is given in 
the form 

= -Jx -JyY 

i j 

Ising variables in this Hamiltonian are defined as cr = +1 for atom A, cr = — 1 
for atom B and cr = 0 for vacant site. The coupling of the Ising Hamiltonian 
and the master equation can be simply formulated by describing adsorption 
and atomic jump probabilities in terms of the Ising Hamiltonian. Thus, the 
adsorption probability of the atom {A or B) at the adsorption side (io, Jo) 
is approximately given by the occupation probability of the atom at the 
adsorption site, neglecting the thermal evaporation of adatoms. Namely, 

exp{~l3H[^ioc{a),(T{io,jo) = cr^]) 

E^ioc(a)exp(-/3i? [6oc(<7),cr(io,jo) = ’ 



Pad(*0> jo) 



(12.9) 
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Fig. 12.3. Definition of the activation energies related to various types of diffusion 
paths. The definition of the local energies concerned with the atomic jumps is given 
in the text by (12.10) (taken from [12.27]) 



At the adsorption site (io,Jo)i local equilibrium has been assumed. /?, as 
usually, stands here for I/UbT. The local energy, for the case of nearest- 
neighbor interaction, can be estimated as 

^0 Jo 

H[^{(j)\ = —Jx ^ djo'^^+ijo “ '^3' X/ do,jdo,j+i- (12.10) 

i=io-l j=jQ-l 

Atomic jump probability from site (io,Jo) to the nearest-neighbor vacant site 
(zq, Jq) can be defined by using the local activation energy as 

ir^((*o,io) (*o,Jo)) = z^oexp(-/3A£'^((fo,io) ^ («o,Jo))) (12-H) 

with the pre-exponential factor, assumed to be unity. The activation en- 
ergy for an atomic jump was defined here by using the diagram shown in 
Fig. 12.3. For example, in the case of an atomic jump from site (io,Jo) to site 
(io + the initial state energy if(io, jo) is given by 

H{io,jo) = H[^{a),cT{io,jo) = (7f,,a(io,jo) =0]. (12.12) 

The key point in the definition of (12.11) is that the activation energy for 
an atomic jump between nearest-neighbor bound states corresponds to the 
activation energy to zero-level energy from the initial bound state instead of 
the energy difference between initial and final states. Therefore, it corresponds 
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to the binding energy of the initial state itself. The detailed balance is realized 
among the transitions between local bound states. 

Structural evolution during epitaxy of the first monolayer can be found 
by Monte Carlo (MC) simulation based on the master equation (10.7). In the 
case of an MBE growth process of binary (A, B) alloy, the algorithm of MC 
simulation is as follows [12.27]: 

(i) choice of the impinging atom, A or B, depending on the molecular 
beam flux ratio, 

(ii) choice of a vacant adsorption site, 

(iii) calculation of the local site energy of the adsorption site on the basis 
of the Ising Hamiltonian, 

(iv) calculation of adsorption probability, 

(v) calculation of atomic jump probabilities from nearest-neighbor occu- 
pied sites into the selected vacant site, 

(vi) choice of events among adsorption, atomic jump and scattering (des- 
orption without adsorption nor atomic jump), 

(vii) determination of a new atomic configuration, ^(cr), 

(viii) continue to the next event. 

MC calculations have been performed in the presented example for three 
types of surfaces with {jxijy) = {F^ F), (AF, F) and (AF, AF) interatomic 
interactions. According to the “lattice gas ferromagnetic” formal anal- 
ogy, “F” here means the ferromagnetic- type interaction (J > 0), where A A 
and BB nearest-neighbor pairs are more preferable than an AB pair. “AF” 
means the antiferromagnetic- type interatomic interaction (J < 0), where an 
AB nearest-neighbor pair is more preferable than AA or BB pairs. The cal- 
culated atomic arrangements of an (A, B) alloy of a chalcopyrite-type surface 
with four different surface coverages in time sequence is shown in Fig. 12.4. 
The interaction parameters are: (jSJxjPJy) = (AF, AF) = (—0.5, —0.5). The 
supercell size, in the performed MC procedure, was equal to 50 x 50 = 
2500 atomic sites. Figure 12.4 demonstrates clearly that the adsorbed atoms 
gradually form an ordered arrangement with repeating adsorption and dif- 
fusion processes. In this case adsorption and diffusion (atomic jumps) pro- 
cesses cooperatively act to form the preferential atomic ordering in the (A, 
B) monolayer. The highly ordered atomic arrangement with full coverage, as 
shown in Fig. 12.4, corresponds to the surface of a chalcopyrite type (001) 
long-range-ordered surface [12.27]. 

Many other important problems of crystal growth physics have also been 
solved by using the LG models. This concerns especially studies performed 
by using Monte Carlo simulation procedures [12.28] to obtain crystal shapes 
[12.3,13]. Let us mention as examples for the application of the LG models 
in the theory of crystal growth the following, arbitrarily chosen results, which 
are closely related to epitaxial crystallization: 
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Jx/kT = -0.5 

cell size = (50x50) Jy/kT = -0.5 
coverage - 0*25 Vo = LO 



■| * T T — — I— r T- . J 




J J I 



Jx/kT = -G.5 

cell size = (50x50) Jy/kT = -0.5 
coverage = 0.75 Vo = 1 . 0 
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J L I . ) ^ L 



Jx/kT = -0*5 

cell size = (50x50) Jy/kT = -0*5 

coverage = 0*50 Vo = 1.0 




Jx/kT = -0.5 

cell size = (50x50) Jy/kT = -0.5 
coverage =1.0 Vo = 1 *0 



'l' “ ’ I —-'- — } ■ r — ’“T 




Fig. 12.4. Atomic structure evolution of chalcopyrite-type surface during growth 
of the first monolayer on a zincblende substrate (taken from [12.27]) 



(i) The role of an attracting substrate in the interplay effects between 
epitaxy (ordered growth) and layering/ wetting in thick film deposi- 
tion processes has been evaluated; it was shown that strong substrate 
attraction produces high-density compressed layers and quenches epi- 
taxial growth [12.11]. 

(ii) The occurrence of a transition layer in the solid-melt interface during 
the crystallization process has been theoretically predicted; a so-called 
two-stage interface has been found for the growth on the (001) crystal 
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surface, while a single-stage interface occurs for growth on the (110) 
surface [12.12]. 

(iii) Kinetics of ordering (crystallization) and disordering (melting /eva- 
poration) for a two-dimensional binary lattice gas have been studied as 
a function of substrate coverage and layer stoichiometry; for the case 
of ordering, the SRO typically reaches a quasi-equilibrium state very 
rapidly, followed by exponential growth of LRO and final relaxation of 
both SRO and LRO to equilibrium; however, in disordering transition 
SRO typically achieves its equilibrium value quickly, but the LRO de- 
creases very rapidly at short times, followed by an exponential decay 
to the final state [12.14]. 



12.2 Adsorption— Desorption Kinetics 

The kinetics of adsorption and thermal desorption processes play a crucial 
role in many epitaxial growth processes in which vapor-solid interfaces ap- 
pear, e.g., in VPE and MBE (see 6.2.1 and 7.1.1). In the growth environment 
in which these processes are performed, usually a dynamic equilibrium occurs 
between the substrate surface, kept at a definite temperature and covered by 
adsorbed species, and the vapor molecules or atoms, impinging onto the sur- 
face. At this equilibrium the coverage of the substrate surface, in general 
described by the formula 

"" N 

0 = n(c)+ W’ (12.13) 

z— n(c) + l 

depends on the vapor pressure characterizing the nearest vicinity to the sur- 
face. The curves, expressing graphically the “coverage versus pressure” de- 
pendence at constant temperature, are called adsorption isotherms [12.29]. 
In the definition given by (12.13), n(c) is the number (integer) of completed 
monolayers, m is the number of the outermost monolayer with sticking ad- 
sorbate species, Ni is the number of adsorbed species in the i-th monolayer, 
and Nit is the number of adsorption sites available for this species. 

12.2.1 Adsorption Isotherms; Phenomenological Treatment 

The simplest case for which an isotherm may be derived is based on the 
assumption that on a clean solid surface all adsorption sites are equivalent 
and that the adsorption probability does not depend on the occupancy of the 
neighboring adsorption site on this surface [12.30]. The rate of adsorption 
is then proportional to the pressure p and the number N{1 — 6) of vacant 
adsorption sites on the surface [12.31] 



kapN{l-S). 



(12.14) 
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Here, S is the fractional coverage, ka is the rate constant for adsorption and 
N is the total number of available adsorption sites on the surface. On the 
other hand, desorption from the surface causes a change in the surface cov- 
erage which is proportional to the number N 6 of adsorbed species. Thus, the 
desorption rate is given by 



-- = k^NS, (12.15) 

at 

where kd is the desorption rate constant. When dynamic equilibrium occurs, 
the two rates should be equal, which leads to the following expression for the 
“coverage versus pressure” dependence 



Kp 

(1 + Kp) 



with K = 

kd 



(12.16) 



This equation defines the Langmuir isotherm for direct adsorption, which 
may be treated as the zero-order approximation of the adsorption-desorption 
kinetics problem [12.5]. 

In the slightly more complicated case of dissociative adsorption, the rate 
of adsorption is proportional not only to the pressure but also to the proba- 
bility that both of the adsorbed atoms of the dissociating molecule will find 
vacant adsorption sites. Thus, d5/ dt ~ p{N{l — 5)^. On the other hand, the 
desorption rate is in this case proportional to the probability of the mutual 
impact of the adsorbed atoms, i.e., —d6/dt ~ Following this, the 

Langmuir isotherm is now given by 



s = (12.17) 

One may easily recognize that the coverage at dissociative adsorption depends 
“weakly” on the pressure. The Langmuir isotherms are plotted in Fig 12.5 
for both of the considered cases. It has to be noticed that the simple expres- 




Fig. 12.5. The Langmuir isotherms for the direct (solid curves) and the dissociative 
(broken curves) adsorption. These curves are plots of (12.16) and (12.17) with 
K = ka/kd as parameter (taken from [12.31]) 
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sions presented here restrict the adsorption laws to cases of so called “low” 
adsorption (submonolayer case) [12.32], which are frequently met in MBE 
growth. When analyzing multilayer adsorption the Brunauer-Emmett-Tellcr 
(BET) adsorption isotherm [12.29] is of importance. In deriving the BET 
isotherm, a nonvarying value of kd is assumed for the gas molecules adsorbed 
on the clean surface, but different ka values are allowed for the gas molecules 
adsorbed on the top of the first monolayer of the adsorbate. 

The most important conclusion which results from these considerations 
states that in the case of “low” adsorption and fairly low pressure at the 
surface of the substrate, or the already grown epilayer, thermodynamic equi- 
librium of the surface is reached when the adsorbate coverage is less than one 
monolayer. This means that even the first, bonded by chemisorption, mono- 
layer of atoms on the surface of the substrate (grown epilayer) may desorb 
partly, if the vapor pressure in the nearest vicinity to the surface is sufficiently 
low, as it is in the ultrahigh vacuum of the MBE growth system. 



12.2.2 Adsorption Isotherms; Statistical Treatment 



So far, the phenomenological rate constants ka and kd have been used in 
the analysis of adsorption-desorption kinetics. In the atomistic approach to 
epitaxy, however, microscopic, statistical parameters should appear. 

Eollowing the considerations on adsorption isotherms and 2D condensa- 
tion, given in [12.5], we will apply further Kossel’s model of a crystal A 
deposited on a substrate B (see Fig. 12.1b). The vapor pressure of a bulk 
crystal of species A is given by 



P 3 B = -j- exp 

Jc 



kT 



(12.18) 



where —3^aa is the potential energy of an atom in a step site, fy and fc 
being the partition functions of the one-component perfect gas and of the 
crystal expressed by 

fy = 2Tr{mkT)^/^^ and /^ = (T) ^ (12.19) 



respectively, with m the atomic mass, u the lattice vibrational frequency, ks 
Boltzmann’s constant and h Planck’s constant. 

The (100) atomic plane of the substrate exposed to a vapor pressure p of 
the deposit A, adsorbs this species in well-defined sites, so that the superficial 
concentration is n = with Ug being the maximum concentration of 

adsorption sites {ug = 1/n^, where a is the area of one particle site in Kossel’s 
model). 0 is the mean coverage ratio per site; it also represents the occupancy 
probability of a given site {1 — 0) being then the probability for this site to 
be empty). 

An atom A adsorbed on the substrate as an isolated atom has an inter- 
action energy ^ab- Us partition function /ad when related to the partition 
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function of this atom in the vapor phase yields the following temperature 
dependent parameter 

,(!■)= (^)pexp(^). (12^20) 

Let us now consider a certain site of the substrate occupied by an atom of 
species A, which is surrounded by nearest neighbors having a certain proba- 
bility of being present. These neighbors themselves are surrounded by other 
atoms. Evaluation of the partition function of such a non-isolated atom is a 
serious problem, yet more and more refined approximations may be formu- 
lated [12.5]. 

In the mean field approximation of Bragg and Williams [12.15], it is 
assumed that all other sites have a mean occupancy 0, especially the sites 
closest to the one considered. If the given site is occupied, the atom A is 
located in an average environment and its potential energy is lowered by the 
value of —A^AA0/kT^ with ^aa as the interaction energy of two, effectively 
present, nearest neighbors. The relative partition function of the occupied 
site is then s{T) exp{4^AA0/kT); on the contrary if the given site is empty, 
the partition function is unity. The ratio of these two partition functions is 
then equal to the ratio of the probability of finding this site occupied over 
the probability of finding it empty, that is 

This expression, which gives the coverage ratio as a function of the pressure 
of the vapor phase at a given temperature, is called the Frumkin-Fowler’s 
isotherm [12.33]. 

An approximation better than that of the mean field consists in includ- 
ing the detailed first neighbor environment. In this, so-called quasi-chemical 
approximation, a vacant substrate site has a partition function which is split 
into a sum of terms corresponding to the partition functions when 0, 1, 2, 
3, 4 first neighbors are present. When no first neighbor site is occupied the 
partition function is unity. If only one site is occupied then e is related to the 
vapor phase (in fact it is 4e:, as there are four such possible sites). In order 
to take into account all the atoms on the substrate surface, which interact 
with the first sites, a factor is introduced, which is due to the mean field of 
the layer acting on the first neighbor sites of the central site. By continuing 
similarly for two sites occupied, etc., where the central site always remains 
empty, one obtains 

1 -|- 4^^ “h 6(£/i)^ -|- 4(5/i)^ 4“ = (1 -j- . (12.22) 

On the contrary, if the central site is occupied, one has to consider, according 
to the occupancy of the first neighbor sites, the interaction potential energies 
0, —^aAi —‘^^aa, • • • which result from the geometry of the adatom localiza- 
tion on the surface. If all the closest sites are vacant, the partition function of 
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Fig. 12.6. Frumkin-Fowler isotherms for different interaction parameters ^aa- O 
is the coverage ratio of A at a given partial pressure p of the species A; is the 
equilibrium pressure of the 3D solid A; p2D is the 2D condensation pressure (taken 
from [12.5]) 



the central atom is e. If only the first neighbor site is occupied, the partition 
function of the central atom is then 4e{sfj.) exp{^AA/kT)^ jj. accounting again 
for the mean field acting on this first neighbor. One thus obtains the complete 
partition function s{l-^efiexp{0AA/kT))^ . Combining this with the partition 
function of an empty central site gives the ratio 0/(1 — 0) of the occupancy 
probabilities, i.e., the relevant adsorption isotherm 



0 _ ( 1 ^ fie exp{^A a/ kT) 

1 — 0 \ 1 + 



(12.23) 



This isotherm differs from the preceding one (12.21) only by the lateral inter- 
action factor, which remains close to If <^aa 0, both of these isotherms 
lead to the Langmuir isotherm, which may be expressed as 0/(1 — 0) = ^(T). 

Qualitatively the isotherms (12.21) and (12.23) are not distinguishable 
and the same phenomena may be foreseen. Consequently, we will focus our 
attention only on the Frumkin-Fowler isotherm. Figure 12.6 gives the form of 
this isotherm schematically when the interaction parameter ^aa is changed. 
For any ^aa^ for a very low partial pressure of species A, the isotherm is a 
single straight line 0 = ^(T), which means that at these low pressures the 
coverage of the surface does not change with p. With increasing pressure p 
in the vapor phase, the behavior is different. If <^aa = 0, 0 increases nearly 
linearly with p, and the layer is continuously filled. As long as 0 < ^aa < 
an inflection point appears at 0 where the slope is positive; the filling 
of the substrate surface is still continuous, yet the layer no longer behaves 
like a 2D perfect gas. As soon as kT < ^aa < ^ab^ at the inflection point, 
still located at 0 the slope is infinite then negative. A “Van der Waals’ 
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loop” appears (shown as the dashed line in Fig. 12.6); it characterizes an 
instability. This dashed part of the isotherm has no physical significance, but 
the solid straight line segment a-b does. Along this step a-b two distinct 
phases coexist in equilibrium: a diluted (2D gas) phase of A and a condensed 
(2D solid or liquid) one. The ratio of the two phases varies along the step 
which occurs at a constant partial pressure P 2 d • This is the 2D condensation 
phenomenon. The partial pressure of this transition is obtained with the aid 
of the relations (12.21) and (12.20) setting O 



P 2 D = exp 

/ ad 



^AB + 

kT 



(12.24) 



One may recognize (see Fig. 12.1b) that the term —{^ab + ‘^^aa) rep- 
resents in this relation the potential energy of an atom A located in a step 
position of a 2D condensed phase of A on the substrate B (relation (12.24) 
expresses the vapor pressure of this two-dimensional phase). It is worthwhile 
comparing p 2 D with the vapor pressure of the 3D crystal of phase A (see 
(12.18)) at the same temperature. This leads to the relation 



P2D fc (^AA-^Ab\ 

which again indicates that the 2D phase is more stable than the 3D phase of 
A (p2D < Psb) if 



kT < ^aa < ^AB -h kT. (12.26) 

This condition is close to relation (12.4); the difference lies in the term kT 
due to the fact that certain temperature dependent terms have not been 
neglected here. One will notice that the 2D phase grows at undersaturation, 
as P2D < P3D- 

Upon increasing the vapor pressure beyond p 2 D, the coverage reaches a 
monolayer, yet it is obvious that as soon as islands of the 2D phase are formed 
one has to envisage the adsorption of A on top of these islands. The exact 
formulation of the phenomenon is complicated, yet a good approximation 
consists in considering that adsorption at level 2 is correctly described by 
substituting in the isotherms (12.21) or (12.23) 02, the coverage ratio in the 
second layer, instead of 0i, and ^aa instead of as according to the model 
there is no interaction between second nearest neighbors (hence T^ab = ^aa)‘ 
Condition (12.26) when applied in the second layer gives p^^^ 2 D = P 3 D and 
besides for any layer (i), p^^^ 2 D = P 3 D- Thus, the isotherm of Fig. 12.6 has a 
vertical asymptote ai p = psD where a layer by layer growth develops at the 
saturation, for an infinite number of layers [12.5]. 



12.2.3 Thermal Desorption Kinetics 

The kinetics of thermal desorption is usually different from the adsorption 
kinetics. This results from the fact that in desorption the rate constant is 
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most frequently dependent on the surface coverage [12.34,35], because of the 
lateral interactions occurring between the adsorbate particles. In studies of 
the desorption processes the Polanyi-Wigner equation [12.36], having the 
mathematical structure of the Arrhenius rate equation, is usually used. This 
equation represents the material balance on the surface and gives the rate of 
desorption by 

UO) = -^ = K0)0”exp , (12.27) 

where v is the pre-exponential factor, Ea is the activation energy of desorp- 
tion, n defines the order of the desorption process, R is the gas constant and 
T is the absolute temperature of the desorbing system. 

If the dependence on coverage can be ignored in desorption processes, as 
is usually the case in MBE [12.37], then thermal desorption can be described 
by a simple Arrhenius equation (see (12.1)) of the form 

The inverse value of the rate coefficient can be identified as the mean 
lifetime r of the adsorbate particle on the adsorber surface 

T = roexp^^^, (12.29) 

where tq = 1/z^o- Often it is assumed that the pre-exponential factor uq is of 
the order of 10^^ s“^ , i.e., of the order of the vibrational frequency of a particle 
bound to the surface (usually a physisorbed molecule). Then for an activation 
energy characteristic for physisorption, Ea = 25kJmol~^ (^ 0.25 eV/ atom) 
is predicted at room temperature [12.31], while for chemisorption the rel- 
evant energy is considerable larger, reaching the values of 10^ - 10^ kJ/mol 
(1 - lOeV/atom). 

The experimental technique most frequently employed for investigation 
of thermal desorption processes is thermal desorption spectroscopy (TDS), 
called also temperature programmed desorption (TPD) [12.34]. After an ap- 
propriate calibration this technique can be used to determine surface cover- 
ages of adsorbates as well as to evaluate the activation energy of desorption. 
The TDS technique is likely to furnish also quantitative information on the 
binding energy between deposit and substrate. In a TDS experiment, the tem- 
perature of a substrate on which the deposit has been condensed is gradually 
raised (generally linearly, as a function of time) and one follows with the aid 
of a mass spectrometer placed in direct view of the substrate the number of 
atoms desorbed as a function of time, dn/dt = Zd (cm“^s“^). The area under 
the spectrum represents the quantity initially deposited, that is ao when ex- 
pressed by the number of atoms of the deposit per number of surface sites. If 
the atoms of the deposit are bound in rather different states to the substrate, 
the desorption will stagger in time, in the form of different desorption peaks. 
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The Ag/Si(lll) system, with growth according to the Stranski-Krastanov 
(SK) mode at deposition of Ag on Si, clearly illustrates the situation [12.5]. 
When increasing the desorption temperature of the Ag layer (see Fig. 12.7), 
a first peak situated at lower temperature appears, which corresponds to 
desorption of 3D crystallites formed after saturation of the 2D phase, the 
maximum coverage of which is ao = 2/3. The second peak, corresponding 
to desorption of the 2D phase, occurs subsequently, when the temperature is 
further increased. It has to be acknowledged that the quantitative exploita- 
tion of the results gained by TDS has to be handled with caution. Despite 
this, the determination of important physical quantities related to bonding 
of the epilayer constituents to the surface of the substrate is possible. 

Isothermal desorption spectroscopy (ITDS) is a frequently used alterna- 
tive to the conventional TDS method. It is based on a study of the surface 
coverage at different constant temperatures. Let us present as an example of 
its application, the desorption experiments performed with Te/Cd deposits 
desorbed from CdTe(lll) and GaAs(lOO) substrates [12.38,39]. 

At the beginning of these thermal desorption experiments, a fairly thick 
noncrystalline film of the element (Cd or Te) is deposited in high vacuum at 
room temperature on the CdTe substrate surface. At this moment no clearly 
defined transition layer occurs between the substrate and the deposited film 
(see Fig. 12.8a). During the thermal desorption process the covered substrate 
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Fig. 12.7. Thermal desorption 
spectra of the Ag/Si(lll) material 
system, measured for three differ- 
ent samples. Two peaks are visi- 
ble for each case: one (at higher 
temperatures) which corresponds 
to the first monolayer of the Ag de- 
posit, and another (at lower tem- 
peratures) due to 3D crystallites 
(taken from [12.5]) 
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Fig. 12.8. Schematic illustration of the geometry of the system “substrate-deposit” 
occurring: (a) before the thermal desorption starts, (b) during the desorption, when 
a crystalline structure is created in the interface zone (taken from [12.38]) 



is kept at a definite, elevated temperature. Therefore, a solid-phase transi- 
tion layer may appear at the interface between the single-crystalline sub- 
strate and the non-crystalline deposit (as is typical for solid phase epitaxy 
(see Sect. 4.1)). Taking this into consideration (see Fig. 12.8b), one may as- 
sume that when the deposited noncrystalline film, owing to re-evaporation, 
becomes very thin (3 -4 ML), a single-crystalline structure, strongly bound to 
the substrate crystal, remains on the surface of this crystal. Consequently, one 
may distinguish three different zones in the system “deposited film -single- 
crystalline substrate”, i.e., the bulk-like noncrystalline film of the element 
(Cd or Te), the single-crystalline substrate of the compound CdTe, and the 
crystalline transition layer in between, which occurs near to the substrate sur- 
face. If we assume now a closely packed structure (coordination number equal 
to 12) for the non-crystalline solid phase of the bulk film, and a zincblende 
structure (coordination number equal to 4) for the single-crystalline sub- 
strate, then by measuring the activation energies of thermal desorption of 
the constituent elements (Cd or Te) for both of these solid phases, we will be 
able to determine the strength of the individual atom-atom bonds in these 
phases. 

The relevant experiments performed in a high vacuum system (p ~ 
10~^ Pa) have been described in [12.38]. Figure 12.9 shows the arrange- 
ment and dimensions of the experimental setup (upper panel). The substrate 
wafers covered with deposits were mounted on an oven below a quadrupole 
mass spectrometer (QMS) inlet to study the desorption processes of Cd or Te. 
This oven was heated to temperatures where desorption of the deposits could 
be detected. The mass analyzer of the QMS was fixed to the masses 114 and 
256, which represents the most prominent mass-spectra peaks of Cd and Te 2 , 
respectively. The lowest detectable desorption rates were about 0.005 ML s~^ 
for Cd and 0.03 ML s“^ for Te. To measure the activation energies of the 
evaporation process the experiments were performed for free Langmuir-type 
evaporation (see Sect. 6.1.2) of the deposits. 

The samples were heated stepwise. Figure 12.9 (the lower panel) shows 
the variation of the sample temperature together with the intensity of the 
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Fig. 12.9. Schematic drawing of the experimental setup for re-evaporation with the 
attached quadrupole mass spectrometer (upper panel), and the mass spectrometer 
signal for Cd^j ^4 as a function of time with the temperature variation of the bulk 
Cd deposit (lower panel) (taken from [12.38]) 



signal of the QMS as a function of time. The sensitivity of the QMS signal 
on temperature variations was tested separately. A clear change in this signal 
at temperature variations of the sample larger than 1°C could be resolved. 
Also the reproducibility of the measurements can be seen from these typical 
results depicted in Fig. 12.9. There are two pairs of time intervals (a, b) and 
(c, d) with temperatures of 260° C and 270° C, respectively. The time intervals 
are separated by 20 min (c, d) or 50 min (a, b) and reveal the same intensity 
of the signal within one pair. Based on this fact, one may conclude that the 
QMS signal is only a function of the source temperature and there is no 
memory effect superimposed in the experimental set-up. 

Figure 12.10 shows the intensities of the QMS signals plotted as functions 
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Fig. 12.10. Mass spectrometer signals of Te^ as a function of inverse temperature 
of the deposits for free Langmuir- type evaporation. TEl, bare CdTe(lll) surface; 
TE2, bulk Te pieces; TE3, thick Te film deposited on CdTe(lll) substrate; TE4, 
thick Te film deposited on GaAs(lOO) substrate (taken from [12.38]) 

of inverse temperatures for TeJ ions. The given error bars originate from 
the slight temperature variations mentioned above. The data show a clear 
exponential dependence on temperature, in accordance with the Arrhe- 
nius law (see (12.1)). From the slope of the lines the activation energies 
Ea of thermal desorption for Te in the performed experiments have been 
calculated. The activation energies for thermal desorption of Cd and Te 
from zincblende CdTe substrate crystal were equal to: 1.13 ± 0.06eV/atom 
and 1.92 ± 0.13eV/molecule, respectively, while the relevant energies for 
Cd and Te desorbed from the bulk noncrystalline deposits were equal to 
1.13 ib 0.12 eV/atom and 1.64 ± 0.18 eV/molecule, respectively [12.38]. Con- 
sequently, the strengths of the individual atom-atom bonds are given by 

Fcd-Cd(bulk) = 1.13/12 = 0.0942 0.09eV/atom, and 
FTe-Te(bulk) = 1.64/12 = 0.137 0.14eV/atom, 

for the thick bulk-like non-crystalline phase, while 

Fcd-Te(CdTe(lll)) = 1.13/4 = 0.283 ^ 0.28eV/atom, and 
i^Te-Cd(CdTe(lll)) = 1.92/4 - 0.478 0.48eV/atom, 

for the single-crystalline CdTe phase. 

To distinguish between the species in the last desorbing monolayers of the 
deposits and the first monolayers of the substrate crystal, GaAs substrates 
were chosen instead of CdTe to study further with QMS the thermal des- 
orption processes of Cd and Te deposits [12.39]. Figure 12.11 shows the Tc 2 
QMS signal with the GaAs substrate temperature as a function of time. The 
oscillations of the QMS signal are owing to slight variations in the sample 
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Fig. 12.11. Intensity of the TeJ QMS signal together with the GaAs(lOO) substrate 
temperature as functions of time (taken from [12.39]) 



temperature not resolved in the temperature plot. In the second part of the 
plot, the time axis is extended by a factor of 2 and the QMS signal is multi- 
plied by 5. One can easily correlate the increase in the noise levels with the 
moment of the increase in temperature. 

The GaAs samples covered with Te were heated to temperatures between 
220 and 280° C, while the intensity of the re-evaporating Te 2 and the tempera- 
ture were monitored using an x — t recorder. When the signals had dropped to 
the noise level the samples were kept at constant temperature for 5-40 min. 
Then they were heated either stepwise or continuously to 500 - 600° C. Rais- 
ing the temperature caused a small but detectable increase in the noise level 
owing to background effects. In addition to that, a distinct increase of the Te 2 
intensity above the noise level at about 350- 360° C for all of the GaAs sam- 
ples covered with Te which have been investigated could be observed. Some 
minutes later the signal dropped to the noise level again but at 510- 520° C 
another smaller amount of re-evaporating Te 2 was detected. The latter Te 2 
signal could be observed only if the GaAs sample had been preheated prior to 
the Te deposition, which is quite reasonable considering that the Te should 
be bound with bonds of different strength to GaAs than to an oxide. 

The performed thermal desorption experiments concerning Te 2 deposits 
on GaAs(lOO) surfaces, using QMS [12.39], show that two regions of differ- 
ent surface adsorption may be clearly distinguished. The first region, nearest 
to the substrate surface, is created by adparticles strongly bound to the sur- 
face, apparently chemisorbed, while the second is created by adparticles more 
weakly bound to the surface, apparently physisorbed. The Te species belong- 
ing to near surface adsorbate areas (left on the surface after the desorption 
of the bulk deposits has been completed at lower desorption temperatures) 
re-evaporate from the GaAs (100) substrates at different temperatures, ac- 
cordingly to the strength of their bonds to the substrate surface atoms. 
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12.3 Step Advancement and Bunching Processes 



The importance of step kinetics for crystal growth under low supersaturation 
conditions has been indicated a long time ago in the now classic paper of 
Burton, Cabrera, and Frank (BCF) [12.40]. These kinetic processes are es- 
pecially important for epitaxy, when the step-flow growth mode (SF-mode) 
is considered (this means growth on vicinal surfaces, which proceeds through 
advancement of pre-existing steps (see Fig. 1.7)). 



12.3.1 Growth Conditions on Vicinal Surfaces 

When an adatom during epitaxial growth reaches a descending atomic step 
on the surface, it typically has to overcome a higher energetic barrier in order 
to jump onto a different atomic plane, and thus it has a higher probability to 
be reflected back (Fig. 12.12a) [12.41]. This additional barrier was discovered 
by Ehrlich and Hudda [12.42] and, soon afterwards, Schwoebel and Shipsey 
[12.43] pointed out that it has a stabilizing effect on growth in the SF-mode. 
Because diffusing adatoms preferably attach to steps from the terrace below, 
rather than from the terrace above, a terrace wider (narrower) than its upper 
neighbor receives more (less) mass out of the flux of particles impinging onto 
the surface, and this mass diffuses to the upper step that advances faster 
(slower) (Fig. 12.12b). As a result, there is a tendency to maintain the average 
terrace size. This is a very important effect which in usual epitaxial growth 
procedures is reached by growing a buffer layer, i.e., a layer of the same 
material as the substrate [12.44]. 

On a singular surface (low index atomic plane of the substrate crystal), 
these Ehrlich-Schwoebel (ES) barriers lead to unstable growth: large pyrami- 
dal features (mounds) are created on the surface (see Fig. 12.13). The origin 
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Fig. 12.12. Schematic illustration 
of the Ehrlich-Schwoebel barrier 
effect on: (a) singular and (b) vic- 
inal surfaces (taken from [12.41]) 
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Fig. 12.13. Schematic illustration of 
the mound morphology during epitaxial 
growth. The typical mound size ^ and 
the surface width W increases with the 
film thickness h according to a power 
law (taken from [12.41]) 



of this instability is a growth-induced surface current of adsorbed atoms 
[12.41]. Because the adatoms are reflected from descending steps and attach 
preferentially to ascending ones, the current is uphill and destabilizing. The 
concentration of diffusing adatoms is maintained by the incoming particle 
flux; thus, the surface current is a non-equilibrium effect. 

The average lateral size ^ of the mounds is found to increase with the 
film thickness h according to a power law, ^ ~ with 2 : 2.5-6 de- 

pending on the material, and growth conditions used [12.45]. The slope s of 
the mounds’ hillsides is either observed to remain constant or increases with 
the film thickness as 5 ~ (see [12.46]). The surface width W increases 
due to both the lateral coarsening and the increase of the slope, W 
where P = 1/z X. Both scenarios were found in computer simulations and 
in experiments [12.45]. 

Growth on vicinal surfaces is also unstable, despite the stabilizing effect 
of the step-edge barriers leading to terrace size equalization during the SF 
growth. As was first pointed out in [12.47], the steps are unstable towards 
transverse meandering since matter is more likely to attach to already ad- 
vanced parts in the steps. Thus a vicinal surface is unstable with respect to 
fluctuations perpendicular to the direction of the slope of this surface. Con- 
sequently, completely stable epitaxial growth on the vicinal surface is impos- 
sible when the ES barriers are present there. Theoretical treatment of the 
crystal growth problems related to growth on vicinal surfaces are presented 
in a series of papers in [12.48]. 

12.3.2 Step Advancement Kinetics 

Let us now discuss briefly the attachment kinetics to a step with the ES 
barrier [12.3]. The incorporation rate of an adatom from an upper terrace 
is usually not the same as that from a lower terrace as shown in Fig. 12.14. 
From the upper terrace an adatom has to break many chemical bonds with 
the underlying substrate atoms when it crosses over the step down to the 
crystallization position. From the lower terrace, on the other hand, an adatom 
can simply make additional bonds with the step atoms before it reaches kink 
sites. The additional energy barrier for the crystallization makes the kinetic 
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Fig. 12.14. Schematic illustration of the asymmetry in incorporation of an adatom: 
(a) from the upper and (b) from the lower terraces, called the Schwoebel effect, (c) 
The potential energy profile of the adsorbed atom. The ES barrier appears at the 
step (taken from [12.3]) 



coefficient from the upper terrace ku smaller than that from the lower terrace 
ki. This asymmetry in attachment kinetics at the step, which is expressed by 
the inequality ki > ku^ was first studied by Schwoebel and Shipsey [12.43], 
and called afterwards the Schwoebel effect [12.3]. 

We consider now the step down configuration of the vicinal surface in 
the so-called terrace-step-kink (TSK) model [12.49,50], when the step is 
running on average in the x-direction at y = 0, and the terrace in front at 
^ > 0 is lower than the terrace in the back {y < 0) (see Fig. 12.15). The step 
advance rates, and Pij by the adatom incorporation from the upper and the 
lower terraces, respectively, are linearly proportional to the concentrations of 
adatoms at the step coming from these terraces. According to the Schwoebel 
effect these advance rates are different. 

Let us now restrict to the extreme case when = 0 and vi — oo. In 
this case, there is no crystallization from the upper back terrace. Since the 
crystallization takes place by the atom incorporation only from the lower 
terrace, this case is called a one-sided model. Furthermore, the kinetics from 
the lower front terrace is assumed to be extremely fast, such that the local 
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Fig. 12.15. Schematic illustration of a vicinal surface presented according to the 
TSK model. Step bunching is indicated by 5 terraces which are separeted by 4 steps 
comprising 50 monolayers altogether (taken from [12.51]) 
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Fig. 12.16. Capturing region of adsorbed atoms of a one-sided model in front of a 
step: (a) for a straight step and (b) for a curved step (taken from [12.3]) 



equilibrium is reached. As in the BCF model, the atoms are deposited on 
the crystal surface with a flux 0. The adsorbed atoms then diffuse on the 
terrace surface with a surface diffusion constant Ds , and subsequently become 
incorporated (crystallized) into the step, or evaporate back into an ambient 
vapor after a life time r. A straight step exhibits an advancement velocity 
uq resulting from the incorporation of atoms (deposited on the terrace) in 
the range of the surface diffusion length Xs = \/DsT in front of the step (see 
Fig. 12.16). 

The stability of the straight step depends on the advancement kinetics 
[12.47]. If the step is pushed forward at some part by fluctuation, the region 
to incorporate adatoms expands radially, as shown in Fig. 12.16b. The area 
of the capturing region increases approximately by a factor of 1 -t-Xs/2p, and 
the velocity increases with the same factor. Thus, the step with a curvature 
K — ljp has a velocity higher than the straight one by Sud = uq{xs/2)k. The 
bump is accelerated as compared to the straight part and is pushed further 
forward. Thus, the diffusion causes a destabilization of the step profile. 

Competing with this destabilization is the stabilization effect by the step 
stiffness. Since the equilibrium concentration of adatoms increases at a curved 
part, the deposition flux to maintain equilibrium at a curved step should be 
increased, which causes the relevant decrease in the supersaturation, and the 
corresponding decrease in the velocity of the bump. Both of these effects, 
the destabilizing and the stabilizing one, are in the first order approximation 
proportional to the curvature appearing in the step [12.47]. It is important to 
notice that since the diffusional instability increases with the velocity z/q, the 
instability probability increases as well by increasing the deposition flux (f). 

Interesting results concerning the equilibrium step dynamics on vicinal 
surfaces have been obtained in experiments with direct current (DC) heated 
silicon substrates and MBE grown epilayers [12.52-54]. The influence of DC 
heating of the substrate crystal on the behavior of monoatomic steps during 
sublimation and during epitaxial growth on Si(lll) and Si (100) vicinal sur- 
faces (created by slight off-orientation from the nominal atomic planes) was 
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observed by in situ reflection electron microscopy. The conditions of step 
bunching (formation of multiple atomic height steps) and debunching are 
found. The behavior of monoatomic steps under the influence of electric DC 
has been explained in terms of diffusion and drift of charged adatoms and 
their interaction with steps. 



12.3.3 Mass Transport Between Steps; Step Bunching 



The recent development of scanning tunneling microscopy (STM) and atomic 
force microscopy (AFM) techniques [12.55] has allowed direct observation 
of real surfaces of different solids. Among other effects, also step bunching 
has been observed in many cases [12.56-58]. This phenomenon, destabilizing 
the step geometry on vicinal surfaces, has a deteriorating effect in epitax- 
ial growth, especially of low dimensional heterostructures (see Sect. 3.2 and 
Sect. 11.5). Therefore, it is worthwhile discussing it in more detail. 

Step bunching is brought about provided that a wider terrace than an 
average width Zav exhibits a tendency to extend further [12.51]. This effect 
may occur in the case of sublimation (dissolution) of the crystal vicinal surface 
as well as in the case of epitaxial growth on such a surface [12.59]. To gain 
an insight into the mechanism of the step bunching process, let us consider 
the simple stepped surface shown in Fig. 12.17. 

The mass transport between two steps in a straight step array parallel to 
the y-axis (see Fig. 12.15) is carried out by a lateral flux J of adatoms in the 
cc-direction. This flux, generated by surface diffusion, can be expressed as 

30 

(12.30) 

Here Dg is the surface diffusion constant, and 0 the concentration of adatoms 
on the terraces. The conservation law of adatom concentration and the steady 
state condition lead to the following diffusion equation on 0: 



dx 




(12.31) 




Fig. 12.17. Schematic illustration of the elementary adatom processes on a 
monoatomic vicinal surface (taken from [12.51]) 
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where r is the evaporation lifetime of an adatom. As for the boundary condi- 
tion imposed on 0{x) on each terrace, the continuity of the flux at an upper 
edge Xi and the lower edge may be adopted. 

Ji{xi) = ki{&i - 0{xi)) , a.nd J 2 {xi+i) = ku{0{xi+i) - Oi+i) . (12.32) 

Here 0i is the equilibrium adatom concentration at the ith step edge; the 
positive direction of Ji and x are taken to be the step-down direction. If the 
adatoms kinetic coefficients ki and ku are sufficiently large, 0{xi) approaches 
the equilibrium value 0i at the i-th step edge. This value is, however, affected 
by the step-step interaction [12.60] what is expressed by the equation 

= (12.33) 

Here 0 q is the equilibrium concentration of adatoms at an edge of isolated 
step, fi stands for the force acting on the i-th step per unit length due 
to the step-step interaction, and Q stands for the surface area per atom. 
The positive direction of fi is also taken to be the step-down direction (see 
Fig. 12.17). The force fi acting on the i-th step can be calculated from the 
step-step interaction energy U per unit length as 

fi = - {U{xi+i - Xi) + U{xi- Xi-i)) . (12.34) 

For step-step interactions which are due to elastic interactions or dipole- 
dipole interactions the interaction energy falls of as the square of the distance 
between the steps, U{x) = Ajx^ [12.60]. On the other hand, the movement 
of each step position Xi is determined by the lateral fluxes at the step edge 
from both sides. 

dx ■ 

= n {-Ji{xi,0i,Oi+i) + J2{xi,Oi-i,Oi)) . (12.35) 

The mechanism of step bunching consists of the following steps: 

(i) For fi>0 (attractive step-step interaction), Ji at an upper step edge 
and J 2 at a lower step edge are positive (as shown in Fig. 12.17; a 
positive flux Ji means here a dissolution process of the upper step) . Ji 
is a monotonically increasing function of the terrace width, while J 2 is 
almost independent of the terrace width around /av due to competition 
of evaporation flux and diffusion flux. The extension velocity of the 
terrace width is proportional to Ji+ J 2 , and it becomes a monotonically 
increasing function of the terrace width in the vicinity of /av Thus, a 
wider terrace than an average will broaden further, and step bunching 
occurs. 

(ii) In the case of /^ < 0 (repulsive step-step interaction) on the other 
hand, J\ is a monotonically increasing positive function of the terrace 
width, while J 2 is negative and almost independent of the terrace width 
near /av due to saturation of the flux to the capture rate at the step 
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edge. Thus, Ji + J 2 becomes a monotonically increasing function of the 
terrace width in the vicinity of and a wider terrace will broaden 
further, which again causes the step bunching process. 

An important step-bunching-related effect, which was theoretically predicted 
a long time ago [12.61], is related to the behavior of monoatomic steps on 
the crystal surface where multiple atomic height steps (bunches) appear. It 
consists of the following rule: no monoatomic steps can move through the 
bunch of steps; this means that bunches completely block monoatomic steps 
on the vicinal surfaces. From the point of view of epitaxial growth technology, 
one has to notice that the SF-mode of epitaxy is excluded if step bunches are 
present on the vicinal surface of the substrate crystal. 




13. Quantum Mechanical Aspects 



Crystallization, seen as a microscopic, atomic-level process, means incorpo- 
ration of atoms belonging to a disordered, metastable phase (solid, liquid 
or vapor) into the ordered structure of a solid crystal (stable phase). This 
process is accomplished by the creation of chemical bonds between atoms of 
the metastable phase, which occur in the nearest vicinity to the surface of 
the crystal, and the atoms of the crystal, which are located in the outermost 
atomic plane of the surface. Understanding the processes of bonding atoms 
into a crystal lattice requires a quantum mechanical approach. This concerns 
crystallization of the bulk crystals as well as the fundamental processes of 
epitaxial growth. 

The most concise introduction to the quantum mechanical framework 
needed for the subsequent discussion is given in the fundamental book by 
W.A. Harrison [13.1]. In order to be sufficiently brief, we will present here 
the main items of this introduction. 



13.1 Framework of Quantum Mechanics 

The state of an electron is represented by a wave function, designated as 
W{r). A wave function can have both real and imaginary parts. To say that 
an electron is represented by a wave function means that specification of the 
wave function gives all the information that can exist for that electron ex- 
cept information about its spin. The representation of each electron in terms 
of its own wave function is called the one-electron approximation. Physical 
observables (quantities that can be measured) are represented by linear op- 
erators acting on the wave function. The operators corresponding to the two 
fundamental observables, position and momentum, are defined as: position 
^ r, momentum ^ p = (/i/27ri)V, where h is Planck’s constant, and V is 
the gradient operator. The operator r means simply multiplication (of the 
wave function) by a position vector r. Operators for other observables can 
be obtained from r and p by substituting these two operators in the classical 
expressions for other observables. For example, the potential energy is rep- 
resented by multiplication by V{r), while the kinetic energy is represented 
by j 2m = — ((/i/27r)^/2m)V^. A particularly important observable is the 
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energy of an electron. This energy is represented by a Hamiltonian operator 
of the form: 



2m 



+ V{r). 



(13.1) 



In quantum mechanics one has to deal with average values of observables. 
Even though the wave function ^ describes an electron fully, different values 
can be obtained from a particular measurement of some observable. The 
average value < \0\ > of many measurements of the observable O for the 
same ^ is determined by 



/ ^*(r)OlZ^(r)dV 



(13.2) 



The integral in the numerator on the right side of the equation is a special 
case of a matrix element; in general the wave function appearing to the left 
of the operator O may be different from the wave function to the right of it. 
In such a case, the Dirac notation for the matrix element is used, as given by 

<!f'i|0|<f'2>= [ (13.3) 



It should be noticed that if ^ depends on time, then so also will < \ 0\ >. 
Equation (13.2) is the principal assertion of quantum mechanics because it 
makes a connection of wave functions and operators with experiment. For 
example, the probability of finding an electron in a small region of space, d^r, 
is given by J lF*(r)?F(r)d^r, which means that lF*(r)?F(r) is the probability 
density for the electron. 

Equation (13.2) leads also to the conclusion that there exist electron states 
having discrete or definite values for the relevant energy operators. Since any 
measured quantity must be real, (13.2) suggests that the operator O is Her- 
mit ian. It is known from mathematics that it is possible to determine eigen- 
states of any Hermitian operator. In the case of the Hamiltonian operator 
(it is Hermitian, too), eigenstates are obtained as solutions of the differential 
equation 



H^{r) =E^{r), (13.4) 

which is called the time-independent Schrodinger equation. The quantity E 
in this equation is the eigenvalue of the Hamiltonian. It is known also that 
the existence of boundary conditions (such as the condition that wave func- 
tions vanish outside a given region of space) will restrict the solutions to a 
discrete set of eigenvalues E. Eigenstates determined by solving (13.4) are 
wave functions which an electron may or may not have. If an electron has a 
certain eigenstate, it is said that the corresponding state is occupied by the 
electron. However, the various states exist whether or not they are occupied. 
We see that a measurement of the energy of an electron represented by an 
eigenstate will always give the value E for that eigenstate. 
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The potential energy V{r) of an electron in a free atom is spherically 
symmetric. This means that one can expect the angular momentum of an 
orbiting electron not to change with time. In the quantum- mechanical context 
this means that electron energy eigenstates can also be chosen to be angular 
momentum eigenstates [13.1]. The spatial wave functions representing these 
states are called orbitals since we can imagine the corresponding classical 
(not quantum-mechanical) electron orbits as having fixed energy and fixed 
angular momentum around a given axis. The term orbital will be used to refer 
specifically to the spatial wave function of an electron in an atom or molecule. 
We will also use the term orbital for electron wave functions representing 
chemical bonds where the corresponding electron orbits would not be so 
simple. The angular mo mentum of the electron orbiting in an atom takes on 
discrete values \L\ = \/l{l + 1)(/i/27t), where I is an integer greater than or 
equal to 0. For each value of I there are 2/ + 1 different orthogonal eigenstates; 
that is, the component of angular momentum along any given direction can 
take on the values m{h/2'K) with m = — / -h 1, . . . , ^ — 1, /. m is called the 
magnetic quantuum number. The 21 + 1 orthogonal eigenstates, with different 
m values, all have the same energy. 

In the one-electron approximation, electron orbitals in atoms may be clas- 
sified according to angular momentum. Orbitals with zero, one, two, and 
three units of angular momentum are called s, p, d, and f orbitals, respec- 
tively. Electrons in the last unfilled shell of s and p electron orbitals are called 
valence electrons. The principal periods of the periodic table of elements con- 
tain atoms with differing numbers of valence electrons in the same shell. The 
properties of the atom depend mainly upon its valence, that is upon the 
number of its valence electrons. When atoms are brought together to form 
molecules, their energies are shifted because the atomic states become com- 
bined. Mathematically, they are represented by linear combinations of atomic 
orbitals (LCAOs) of the atoms constituting the molecule. The combinations 
of valence atomic orbitals with lowered energy are called bond orbitals, and 
their occupation by electrons bonds the molecules together. Bond orbitals are 
symmetric or nonpolar when identical atoms bond but become asymmetric 
or polar if the atoms are different. The LCAOs are used as a basis for study- 
ing covalent and ionic solids, however, for metals the basis consists of plane 
waves [13.1]. 

For any given value of I and m there are many different energy eigenstates; 
these are numbered by a third integer, n, in order of increasing energy, start- 
ing with n = I -\-l. This quantum number n is called the principal quantum 
number [13.2]. 

The s-orbitals have vanishing angular momentum; I = 0 (and m = 0, 
since \m\ < 1). The wave function for an s-orbital is spherically symmetric, 
as shown in Fig. 13.1a. The lowest energy state, n = 1, is called a Is state, 
and the next state is the 2s state. 
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Fig. 13.1. (a) Schematic illustration of atomic s- and p- orbitals, (b) Different 
pairs of s- and p-orbitals in a- and 7r-bonding states, (c) Hybrid orbitals of three 
p- and one s- orbital (sp^ hybrid), two p- and one s- orbital (sp^ hybrid), and one 
p- and one s-orbital (sp hybrid) (taken from [13.3]) 



The p-orbitals have one unit of angular momentum, / = 1; there are three 
orbitals corresponding to m = —1, m = 0, and m = +1 (see Fig. 13.1a). 
Any orbital, including those of the p series, can be written as a product 
of a function of radial distance from the nucleus and one of the spherical 
harmonics which are functions of angle only (for more details see [13.4], 
p. 79): 

>Pnim{r) = Rni{r)Yr{0,<f>), (13.5) 

where r^O^cj) are here the spherical coordinates. For a given /, the ra- 
dial function is independent of m. For s-orbitals, the spherical harmonic is 
Yq^ = y^l/47T. For p-orbitals, the spherical harmonics are given by: — 

y/S/Sn sin 0 exp(— i(/>), cos 0 , and Y^^ = sin O exp(i(/)) . 

In solid state physics it is frequently more convenient to take linear com- 
binations of the spherical harmonics to obtain angular dependences propor- 
tional to the component of radial distance from the nucleus along one of the 
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three orthogonal axes x, y, or 2 ; [13.5]. In this way, the three independent 
p-orbitals may be written as 






-Rni{r)Y^{x,y,z), 



(13.6) 



where = x/r,Y^ = y/r, and = zjr. For each n when I = 1, there 
are three p-orbitals oriented along the three Cartesian axes. Diagrams such 
as those shown in Fig. 13.1a illustrate the three angular forms. 

The d-orbitals have two units of angular momentum, / = 2, and therefore 
five m values: m = —2, m = —1, m = 0, m = +1, and m = +2. They can be 
conveniently represented in terms of Cartesian coordinates in the form 



= ( 13 - 7 ) 

where = zxjr^.Y^ = xyjr^.Y^^ = {x^ - y^)/(2r^), and 

^2+^ = (3z2-r2)/(2r2^. A very important feature of d-orbitals is that they 
are concentrated much more closely at the nucleus than are s and p-orbitals. 

The f orbitals, which have three units of angular momentum, I = 3, and 
therefore seven values of m, are even more strongly concentrated near the 
nucleus and isolated from other neighboring atoms than the d-orbitals are. 
They are, however, important in studying properties of the rare-earth met- 
als. Therefore, we will introduce the relevant mathematical formulae in the 
further text in places related to these materials. 

Discussing states of minimum energy, which is the main goal in deter- 
mination of crystal lattice bonding, one usually is not interested in how the 
wave function changes with time. However, for the cases in which that infor- 
mation is wanted, one has to use the time-dependent Schrodinger equation, 
exhibiting explicitly the time dependence of ^ 



.hdW 

1 — = HW. 

27t dt 



(13.8) 



13.1.1 Interatomic Bonds in Small Molecules 

The elementary process of bonding atoms in solid crystals, or at their surfaces, 
is in principle similar to the process of bonding atoms in small molecules. 
Therefore, let us first introduce the relevant terminology used in the quantum 
mechanics of this subject [13.1]. In describing states of a small molecule (the 
simplest example of such a molecule is the hydrogen molecule H 2 , with two 
electrons which are represented by orbitals 1 1 > and 1 2 > of the Is states of 
hydrogen atoms constituting the molecule, respectively) one has to determine 
the electronic states of the molecule. This can be done in the simplest way by 
representing the molecular state | > as a linear expansion of the electronic 

states in the constituent atoms 
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|!^'>= ^Ua|a>, (13.9) 

where a enumerates the possible electronic states, so called basic states, which 
are selected to be normalized (<q;|q:>= 1) and orthogonal {</3\a> = 
0, if 7 ^ a), while Ua are the expansion coefficients. Solving the relevant 
Schrodinger equation (13.4), one may find the eigenstates of the molecule and 
the eigenvalues of the Hamiltonian operator for this molecule. The resulting 
two simple algebraic equations have the form 

{Ss — E)ui — V 2 U 2 = 0 and — V 2 U 1 + — E)u 2 — 0 (13.10) 

where the Is state energy is Cg = < l\H\l > = <2|i7|2>. The matrix 
element V 2 = —H 12 — —H 21 is called the covalent energy, and is defined 

to be greater than zero; V 2 will generally be used for interatomic matrix 

elements, in this case between s-orbitals. Equations (13.10) are easily solved 
to obtain a low-energy solution, the bonding state, with energy 

^6 = - 1^2 (13.11) 

as well as a high-energy solution, the antibonding state, with 

£a = Ss + V 2 . (13.12) 

Substituting the eigenvalues given in the last two equations back into 
(13.10) gives the coefficients ui and U 2 . For the bonding state, ui = U 2 = 
\j\f2 and for the antibonding state, u\ = —U 2 = The conventional de- 

piction of these bond orbitals and antibond orbitals is illustrated in Fig. 13.2a 
for the case of the H 2 molecule. In molecular systems in which the energies 
of the constituent atoms are different, one expects that the relevant LCAOs 
will consist of the orbitals of the constituting atoms, too; for example in 
the case of LiH molecules, the linear combinations are those of hydrogen Is- 
orbitals and the lithium 2s-orbitals. Such molecules like LiH are said to have 
a heteropolar bond. 

In calculating the energy of heteropolar bonds, (13.10) must be modified 
so that Eg is replaced by two different energies: e\ for the low-energy state 
(for the energy of the anion) and e‘^ for the high-energy state (for the energy 
of the cation). This modification leads to the form 

(e^ — E)ui —V 2 U 2 = 0 and — V 2 U 1 -f {el - E)u 2 = 0. (13.13) 

The value of one half of the anion-cation energy difference = {e‘1 — e\) / 2 
is the polar energy; it is convenient to define the average of the cation and 
anion energy as £av = (^s + Then (13.13) become 

(^av - V 3 - E)ui -V2U2=^ 

and 



V 2 U 1 -I- (^av + V 3 - E)u2 = 0 



(13.14) 
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Fig. 13.2. The formation of bonding and antibonding combinations of atomic 
orbitals in diatomic molecules, and the corresponding energy-level diagram: (a) 
for homopolar molecules, like H 2 , (b) for heteropolar molecules, like LiH (taken 
from [13.1]) 
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which has the solution given by Sb = £av - {Vi + — ^av T 

{V 2 + The energies Sb and Sa are called bonding and antibonding 

energies, respectively. The splitting of these levels is shown in Fig. 13.2b. In 
looking at the energy-level diagram of that figure, it is easy to recognize that 
the interaction between the two atomic levels, represented by V 2 , pushes the 
levels apart. It is also shown in this figure that the charge density associated 
with the bonding state shifts to the low-energy side of the molecule (the 
direction of the anion). This means that the molecule has an electric dipole 
moment. 

Polarity of bonding is an important concept in bulk solids and at their 
surfaces. To describe polarity mathematically, first one obtains ui and U 2 
values for the bonding state by substituting Sb for the ene rgy E in (13.14). 
The first equation of these can be rewritten as ui = V 2 U 2 / —V^) . If 
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the individual atomic wave functions do not overlap, the probability of finding 
the electron on atom 1 will be equal to u\!(u\ -h ^ 2 ), and the probability of 
finding it on atom 2 will be u ^/ These probabilities may be expressed 
by (1 + ap)/2 and (1 — ap)/2, for the electrons appearing on the atom 1, and 
on the atom 2, respectively. Here, is the polarity defined by 

otp = u\ — u\ — — ! (13.15) 

^Jvi + vi 

One may expect the dipole of the bond to be proportional to the polarity ap. 
A complementary quantity to this is the covalency, defined by 



OLc 



V9. 

\!vi + vi 



(13.16) 



13.1.2 Chemical Bonds in Solid Crystals 

It is well known that chemical bonds in solid crystals are caused by two, 
essentially different, types of forces, namely. Coulomb forces describing elec- 
trostatic interactions of point charges, and quantum mechanical forces related 
to the tunneling effect in the interatomic charge transfer process [13.3]. The 
forces of the first type cause ionic bonding and Van der Waals bonding. Ionic 
bonding occurs when forces acting between individual negative and posi- 
tive point charges are involved in the interatomic interaction process. On 
the other hand. Van der Waals bonding means that higher moments of the 
atomic charge distribution, in particular dipole or quadrupole moments, are 
responsible for the forces. 

Two previously neutral atoms A and C can only form an ionic bond if they 
become electrically charged. This may occur if a state of lower energy can 
be attained by the transfer of one or more electrons from atom C (cation) to 
atom A (anion), i.e., when the electron affinity of atom A is greater than the 
ionization energy of atom C. This is most likely the case when a closed shell 
configuration of both of these atoms is reached by transferring one electron 
from C to A. However, one has to notice that the energy gain obtained by 
electron transfer is only one contribution to the lowering of energy involved 
in ionic bonding. The second contribution, which is superimposed on the 
first one, arises from the electrostatic interaction between the ions created 
by the charge transfer. This contribution depends on the relative positions 
of the ions in the crystal lattice, and is thus also dependent on the crystal 
structure. Usually, it is assumed that a change in the mutual positions of the 
ions does not infiuence the electron transfer between the atoms C and A. 

The second type of binding forces, namely the quantum mechanical forces, 
produce covalent and metallic bonding in the crystal lattice. Let us suppose 
that the atoms forming a crystal are at first separated by a large distance, 
and then the distance is stepwise shortened. The electrons of the outermost 
atomic shells (the valence electrons), which at first were localized only at 
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their native atoms become then more delocalized, spreading finally over more 
than only one atom. Consequently, the energy of the electrons lowers, too, 
due to their delocalization, which means the occurrence of chemical bonding, 
by covalent bonds. One necessary condition for creation of covalent bonds is 
that the atoms are close enough to each other to ensure that electrons will 
tunnel through the potential barrier separating the atoms. On the other hand, 
however, a second condition has to be fulfilled, namely that the atoms are 
not too close, because then valence-electron delocalization would not occur, 
or would be strongly limited to the nearest vicinity of their native atoms. For 
very small separations the quantum mechanical forces cause the repulsion of 
atoms. Beside the electrostatic repulsion these repelling quantum forces are 
mainly responsible for keeping the atoms in the crystal lattice at a certain 
distance apart, thus preventing the crystal from collapsing. 

Delocalization of the valence electrons may cause them to spread either 
over all atoms in the crystal lattice or primarily only over the nearest neigh- 
bors in the lattice. The first case occurs in crystal lattices of metals, and 
leads to metallic bonding, while the second case, occurring mostly in some 
of the semiconductor crystals, is called covalent bonding. The latter case 
arises when the neighboring atoms exhibit different electron affinities, which 
in contrast to ionic crystals, are not disparate enough to make the transfer of 
one whole electron energetically advantageous. Consequently, only a partial 
electron transfer then takes place. The fraction of the electron transferred to 
the neighboring atom depends on the positions in which both atoms align 
themselves in the crystal lattice with respect to each other. The bond is now 
no longer purely covalent but instead is partially ionic in its physical nature. 

The fact that a particular bonding type is dominant in a given crystal has 
decisive consequences for its structure. This statement holds for the surface 
structure, too. 

In the case of ionic bonding, the structure which predominates in the bulk 
crystals is that which yields the largest energy of electrostatic interatomic in- 
teraction (the Madelung energy). If one orders the various structures of an 
ionic crystal (ionic bonds occur there) according to the absolute values of 
their Madelung energies, the first place takes the rocksalt structure followed 
by the cesium chloride, wurtzite and zincblende structures [13.3]. Thus, the 
structure that one expects in the case of pure ionic bonding is the cubic rock- 
salt structure involving six nearest neighbors. If instead of a 3D arrangement 
of atoms one considers a 2D arrangement in an atomic plane of the crystal, 
then the largest value of the Madelung energy is attained by a quadratic 
structure, such as that corresponding to a (100) lattice plane of a rocksalt 
crystal. 

In the case of metallic bonding, the valence electrons are delocalized to the 
same extent in all directions, and the directions in which the nearest neighbors 
are located are thus arbitrary. Since the bond forces have the tendency to 
draw the atoms closer together until repulsion prevents further contraction 
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one expects an arrangement as exhibited by densely packed spheres with 12 
nearest neighbors. It is well known that this is indeed the case for most of the 
metals and that in these materials usually the dense packing of hexagonal 
and cubic type is observed. 

In covalent crystals, the electrons participating in bonding are, before and 
after formation of the bonds, located (partially or completely) in orbitals 
extending in characteristic directions [13.1]. These directions are significant 
because they determine the arrangement of neighboring atoms in the crystal 
lattice. For covalent bonding s- and p-type atomic orbitals (see Fig. 13.1a) 
are the most important orbitals. In the cases when two p-orbitals of adjacent 
atoms point in each other’s direction, delocalization of valence electrons is 
particularly pronounced, and the bonds are specially strong. These types of 
bonds are called cr-bonds (see Fig. 13.1b). If the two p-orbitals are still parallel 
to each other but perpendicular to the line connecting both atoms then they 
create a 7r-bond (pairs of p-orbitals which are perpendicular to each other do 
not contribute to binding) . In the case of 7r-bonds delocalization of electrons 
occurs vertically to the direction of the orbitals and is not as effective as that 
which occurs in the direction of orbitals. Generally speaking, vr-bonds are 
weaker than the cr-bonds. 

Covalent bonding occurs primarily between nearest neighbors in the crys- 
tal lattice (bonding which occurs between the second nearest neighbors is 
significantly weaker, and consequently, is usually omitted in structural calcu- 
lations). In treating this kind of bonding, one has to be clear at first which 
atomic orbitals are the constituents of crystal orbitals; are these the direct 
s- and p-orbitals or are these linear combinations of them, so-called hybrid 
orbitals [13.1]? Answers to these questions depend essentially on the num- 
ber of s- and p-electrons to be involved in bonding interaction. With eight 
electrons per atom pair, which corresponds to the covalent semiconductors 
of group IV and to partially ionic semiconductor compounds of groups III- 
V and II- VI, respectively, the most advantageous combinations are the four 
orthogonal linear combinations of one s- and three p-orbitals, i.e., the sp^ 
hybrid orbitals (see Fig. 13.1c). Bonding through sp^ hybrids is in general 
a mixture of cr-bonding and 7r-bonding. This means that a binding pair of 
two hybrid orbitals at two nearest neighbor atoms decomposes into several 
binding pairs of s- and p-orbitals, both of a- and of vr-type. If the two hybrid 
orbitals point in each other’s direction then only a-binding pairs contribute. 
In that sense one can speak about cr-like bonding with respect to sp^ hy- 
brid orbitals. Other, less commonly occurring, bonding cases (met mostly 
in chalcogenides or group IV- VI semiconductors like e.g. PbTe or PbS) are 
shown in Fig. 13.1c, too. 

13.1.3 Bonding at Surfaces 

Let a surface be generated by cutting off one half of an infinite crystal. Then 
the atoms of the first monolayer of this surface are not as strongly bound to 
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Fig. 13.3. Plan view of an unreconstructed structure of a homopolar semiconductor 
(diamond structure). Solid circles indicate atoms, and solid lines indicate bonds. 
Viewing at each of the indicated surface edges one can recognize the geometry of 
the relevant dangling bonds (dangling hybrides). At the (111) surface, for example, 
single dangling hybrids occur in the plane of the figure. They are perpendicular to 
the (111) surface and originate from each surface atom in this plane 



the crystal lattice as they were before cutting off the crystal. As a matter 
of fact, one or more nearest neighbors of the surface atoms are missing. In 
the case of covalent bonding this means that one or more bonds are broken, 
and that unsaturated bonds occur, which are called dangling bonds. Let us 
consider, as an example of bonding atoms at surfaces, the case of bonding 
through a dangling hybrid. Such dangling bonds are schematically shown in 
Fig. 13.3, on the differently oriented surfaces of an unreconstructed (ideal) 
homopolar semiconductor. 

The simplest case one may consider is the adsorption of atomic hydrogen 
on such surfaces. The energy of the electron state of atomic hydrogen is very 
low compared to the energy of the dangling hybrid, so the bonding-state 
energy will be near the hydrogen level and the corresponding antibonding 
state will be above the dangling hybrid level. The same should be true about 
the addition of halogen atoms, which should adsorb in just the same way. The 
adsorption of an alkali metal atom should be similar in all respects, except 
that since the energy of the alkali metal state is presumably well above the 
hybrid energy, the energy of the bond formed should be near, and determined 
by the energy of the dangling hybrid. 

In the case of partial coverage, that is a coverage by less than one adsorbed 
atom per surface atom, the density of upper and lower hybrid states on the 
surface should decrease together with increasing coverage. Forming a bond 
with a dangling hybrid forms a neutral surface “molecule” at one of the 
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otherwise polar sites. Neutrality can, thus, occur at either type of site where 
the adsorbate atom is bound to the surface. 

Much more complicated surface bonding appears usually in molecular 
beam epitaxy (MBE) and metalorganic vapor phase epitaxy (MOVPE) 
growth processes of compound semiconductor thin films. Let us present a 
brief discussion of bonding mechanisms relevant to MBE growth of GaAs as 
presented by Farrel et al. [13.6]. This represents a good example for the dis- 
cussion of surface bonding in terms of bonding orbitals and in addition was 
for more than a decade the only detailed model describing the MBE growth 
process. We will follow here the results and the discussion as published and 
presented in Figs. 13.4-13.7 [13.6]. 

When the Ga flux is turned on, the Ga atoms presumably arrive at the 
substrate surface which was assumed to be the As-rich GaAs(100)-/5(2x4) 
surface (Fig. 13.4a). A single Ga atom might attempt to bond to one As 
atom via an As dangling hybrid orbital. However, this would be a rather 
short-lived species having only one covalent bond and three electrons in the 
Ga nonbonding orbitals (a total of five electrons, two from the As dangling 
orbital and three from the Ga itself, are shared among one bonding orbital and 
two dangling orbitals). A somewhat more stable species is produced, however, 
when a Ga atom is inserted into an As-dimer bond. Here, two covalent bonds 
are formed and only one electron is left in a Ga nonbonding orbital. Both 
species are expected to be more or less labile, and a given Ga atom may enter 
into a number of these unstable surface complexes before it reaches its final 
bonding site. 

The insertion of two Ga atoms into two adjacent As-dimer bonds, however, 
does allow the formation of a stable Ga species on the surface. This is a Ga 
dimer with five covalent bonds and no electrons in the Ga dangling orbitals. 
(The two single electrons left in the nonbonding Ga orbitals of each of the two 
inserted Ga atoms combine to form a covalent bond between the two inserted 
atoms.) Note that there are two sites per unit cell where such a Ga dimer 
could form. These are the a and b sites shown in Fig. 13.4a. Unlike the As 
dimer, the Ga dimer has approximately sp^ bonding, with the consequence 
that it is relaxed inward toward the bulk. This will relax the underlying As 
atoms, too. The configuration is shown in Fig. 13.4b, and the relaxation of 
the As atoms serves an important function in setting up the following stages. 
(Note that at this stage the insertion of either one or a pair of Ga atoms into 
the As-dimer bonds is more stable than chemisorption across As dangling 
orbitals [13.6].) 

When approximately one-quarter of a monolayer of Ga has been de- 
posited, there will be, on the average, one Ga dimer per unit cell. Since there 
are two sites per unit cells, these Ga dimers may be either next to those in 
the adjacent cell, as in Fig. 13.4b, or offset by one atomic spacing as would be 
the case if the dimer at point a had been inserted at point b instead. Because 
of the As-stabilized conditions used in MBE growth, while these Ga dimers 
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(a) (b) 

Fig. 13.4. (a) Planar view of the As-rich GaAs(100)-(2x4) surface unit cell. The 
As atoms (■) form three dimers per unit cell. The dimer vacancy exposes four Ga 
atoms (•) in the second layer. A Ga dimer can be inserted at either a or b sites. 
The size of the symbol indicates the proximity of the layer to the surface, (b) After 
the chemisorption of the | monolayer of Ga (o), one Ga dimer per unit cell initiates 
growth of the second layer. In the right-hand cell the dimer may be aligned with 
that in the left-hand adjacent cell, as shown, inserted at a, or staggered if inserted 
at b. Insertion of a second Ga dimer at point d necessitates the filling of the As 
vacancy at point c (taken from [13.6]) 




(a) 




Fig. 13.5. (a) Goupled with the filling of the As dimer vacancy in the lower As 
layers, the chemisorption of a second Ga dimer per unit cell opens up a new site for 
the chemisorption of an As dimer centered at either e or f sites, (b) The chemisorp- 
tion of an As dimer (□ — □) initiates growth of the top of the surface bilayer and 
completes the second stage of the growth cycle (taken from [13.6]) 
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(a) (b) 

Fig. 13.6. (a) The chemisorption of a third Ga dimer per unit cell completes the 
third stage of the growth cycle. Note that this structure is stabilized relative to a 
(4 X 2) unit cell by the presence of of a monolayer of As in the outermost layer. 
Further growth necessitates the simultaneous filling of the Ga dimer vacancy site 
at point g and the chemisorption of one As dimer per unit cell at either points h 
or i or at points k or 1. (b) The correlated chemisorption of a Ga dimer at point g 
and an As dimer at point h. This opens up one additional site for the adsorption 
of an As dimer. Site m is favored over site n on the basis of back-bonding (taken 
from [13.6]) 







Symbols (Fig. 13.4-13.7): 

(•) 1st Ga layer 

(■) 1st As layer 

(o) 2nd Ga layer 

(□) 2nd As layer 



Fig. 13.7. The growth cycle is complete and the As-rich structure shown in 
Fig. 13.4a is recovered. This occurs when an As dimer and a Ga dimer are si- 
multaneously chemisorbed on the structure shown in Fig. 13.6a, followed by the 
chemisorption of the final As dimer (taken from [13.6]) 
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are being formed there is still an As flux to the surface that greatly exceeds 
the Ga flux. However, at this stage of growth there are essentially no stable 
binding sites for As, and short-lived species presumably form and decay with 
the subsequent diffusion and desorption of As 2 - 

For the growth process to proceed further, four Ga atoms must be 
chemisorbed contiguously as two adjacent dimers in order to provide a bond- 
ing site for an As 2 dimer. In addition, the dimer vacancy in the first layer 
must be filled to provide a basis for the chemisorption of further Ga atoms. 
As will be seen, these two steps (the chemisorption of an As dimer to fill the 
vacancy and the chemisorption of a second pair of Ga atoms) must occur 
essentially simultaneously within a given unit cell to achieve an electrically 
stable situation. This step, and a similar one near the end of the cycle, ap- 
pear to be the limiting steps for epitaxial growth to occur. In addition, the 
necessity of having an As 2 dimer (or its monoatomic constituents) available 
for concurrent chemisorption may explain, in part, the requirement of a much 
larger As than Ga flux to the surface for successful growth to occur. The fur- 
ther steps of the homoepitaxial growth of GaAs on the GaAs(lOO) nominally 
oriented surface are shown in Figs. 13.5-13.7. 



13.2 Surface Structure 

As already mentioned, the most characteristic feature of epitaxy is the strong 
influence which the surface of the substrate crystal exerts on the growth 
process. Knowing the parameters characterizing this surfaces is, therefore, 
indispensable for getting a control over the process of epitaxy. Accordingly, we 
will proceed with a discussion of the most important features of the substrate 
surfaces with emphasis on the geometric properties (order and symmetry) of 
these surfaces. 

13.2.1 Physical Principles 

The term “surface”, when used in the macroscopic sense, means the outer- 
most face of the solid, which can be produced and maintained under normal 
external conditions by conventional methods like cutting, polishing and etch- 
ing. This macroscopic approach implies that the surface is in contact with the 
ambient atmosphere, and that oxide layers, as well as water vapor, carbon or 
other chemical elements, can be deposited on it [13.3]. On the other hand, 
in the microscopic sense, such a surface is not a true surface but rather a 
transition region, separating the bulk of the solid from the adjoining envi- 
ronment. The term “surface with coverage” is more realistic when describing 
this situation. 

In the microscopic sense, the term “surface” means an atomically clean 
and atomically smooth crystal plane, which creates an abrupt transition from 
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the bulk solid to an ideal vacuum or gas. Thus, if the adjoining environment 
is not an ideal vacuum, but rather a vapor, then a solid-solid interface is cre- 
ated by the adparticles and the plane atoms. Producing atomically clean and 
atomically smooth surfaces or abrupt interfaces, and keeping them in ideal 
conditions, is an extremely difficult task. Thus, in the real physical situation 
one deals rather with covered surfaces and with interface regions. A real sur- 
face has been found to exhibit a more or less unknown atomic order. Thus, 
the task of determining this order (the crystallographic structure) became a 
considerable research problem. In order to solve this problem the following 
research philosophy has been adopted. It is based on three sequential steps, 
namely, on radical reduction of the complexity of real systems, studying then 
models created in this way, and finally on stepwise extension of the com- 
plexity (reality) of the studied system to a degree, required by the problem 
being under consideration. The models used in such research procedures are 
primarily the atomically clean and atomically smooth surfaces and abrupt 
interfaces. 

The most surprising discovery made in relation to surface science was 
connected with the geometrical structure of clean surfaces. Experimentally 
and theoretically it has been shown, that the atoms of a clean surface undergo 
relatively large displacements compared to their positions in an infinite bulk 
crystal. 

Structural changes at the surface are a consequence of altered chemical 
bonds as compared to the bulk of the crystal. Information on these changes 
may be gained by studying the bonding forces at the surface in detail. The 
atoms in the surface layer experience forces different from those, that are 
acting in the bulk of the crystal. Consequently, they are subjected to dis- 
placements from their original sites in the bulk [13.7]. Since the forces acting 
on atoms of the second monolayer are partly determined by the positions of 
the atoms of the first (outermost towards the vacuum) monolayer, these forces 
are also subjected to changes accompanied by displacements in the second 
layer. Such interaction concerns each successive atomic monolayer near the 
crystal surface; however, the relevant displacements decrease from one mono- 
layer to the next until vanishing at a certain depth from the surface. Let 
us now discuss the so-called surface-induced atomic displacements in more 
detail. 

We denote these displacements by drs^,s 2 (^) positions of 

atoms in the surface of the crystal by 



+dT’si,S2(0> (13.17) 

where s± and S 2 represent the displacements of the atom (z) along the two 
directions of the 2D lattice’s primitive vectors ti and T 2 . The displacements 
drsi,s 2 (^) be divided into two classes with regard to their effect on 

translational symmetry of the surface crystal lattice. If this symmetry is 
not affected, the displacements cause surface relaxation, and are thus called 
relaxing displacements. In this case, equivalent atoms in different elementary 
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Fig. 13.8. Schematic illustration of lattice relaxation (a) , and lattice reconstruction 
(b) for the case when surface-related atomic displacements extend to the first and 
second atomic monolayers, only. In (b) a 2x2 reconstruction is shown (taken from 
[13.3]) 



cells of the lattice are displaced in the same way (see Fig. 13.8a). If, on the 
other hand, the translational symmetry is altered by the displacements, then 
the surface becomes a reconstructed one. In this case, equivalent atoms in 
different elementary cells of the lattice are not all displaced in the same 
manner, i.e., the drs^,s 2 {'^) depends on Si and S 2 (see Fig. 13.8b). 

For an ideal crystal it is easy to construct primitive surface translations, 
which are the smallest translations in the plane of the surface by which each 
atom is replaced by another atom. Let these translations be equal to ti and 
T 2 , i.e., let them be defined by the primitive vectors of the 2D crystal lattice 
of the surface. If these primitive translations repeat on the whole surface, 
one calls this surface unreconstructed. If the surface geometry exhibits the 
same symmetry as the truncated bulk solid (as an unreconstructed surface), 
being however relaxed, then it is referred to as exhibiting a 1x1 (one-by- 
one) reconstruction. This is so even though the atoms at the surface may 
lie as much as an Angstrom away from the truncated bulk lattice sites. The 
actual translational symmetry of a real surface frequently exhibits primitive 
translations of 2 ti and T 2 , or generally speaking, of nri and rriT 2 . For such 
surfaces the reconstructions are called 2x1 (two-by-one) or n x m (n-by-m), 
respectively. These notations are in common with the Wood notation system 
(for more information see [13.8,9]), most frequently used for identification of 
the reconstructed surfaces. 

Experimental data, most frequently based on electron diflPraction, do not 
show the nature of the reconstruction, only its symmetry. Thus, a series of 
works have speculated on a variety of patterns of distortion or missing atoms. 
The currently available data, concerning surface reconstruction of different 
materials, are enormous in amount, and are related to both the theory of 
crystal surface structure and the experimental results. For a review one may 
see the references [13.9-14]. 
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13.2.2 Reconstructed Surfaces; Theoretical Methodology 

The quantitative description of the surface structure is based on the adiabatic 
principle of solid state physics [13.3]. According to this principle, it is possible 
to average the bonding forces in a crystal due to the electronic interactions 
over the states of electrons involved in these interactions. These electron 
states may be calculated separately for a fixed configuration of the cores of 
atoms creating the crystal lattice. The total energy Etot of the crystal in its 
ground state may be, thus, expressed as a function of the positions r{i) of 
all the atom cores in the crystal; E’tot(^(l) 5 '^(2), . . . ^r{N)). The force F{i) 
acting on the i-th atom is then given by the gradient over the total energy; 
F{i) = —'Vr{i)Etot^ In equilibrium the geometric sum of all forces acting on 
the i-th atom must be zero, or equivalently, the total energy of the crystal 
lattice attains a minimum as a function of r{i). Solving the equation 

F{i) = -V,(i)Etot(r(l),r(2 ), . . . ,r(N)) = 0 (13.18) 

one may, in principle, determine the structure of the crystal (the positions of 
the atom cores in the crystal lattice), as well as the structure of its surface. 
Materials-specific structure differences are in a formal sense described by the 
differences of the functional dependence of £^tot on the position vectors r(i). 
Let us now concentrate on surface structures, only. 

The theoretical methodologies used in the procedures of determination 
the structures of surfaces can be roughly classified into two groups: those 
that use quantum-mechanical potentials, and those that use empirically de- 
termined classical potentials [13.11]. The quantum- mechanical methods can 
be further subdivided into three major types, namely: self-consistent field, 
linear- combination of atomic orbitals (SCF-LCAO), density functional the- 
ory (DFT) [13.13, 15], and tight-binding depending upon how the interactions 
between the electrons are treated. The empirical classical-potential models 
have primarily been developed and applied to “ionic” insulators because of 
the presumed predominance of the Coulombic interactions between the ions in 
the lattice [13.15]. They have, however, found various applications in studies 
on surfaces of other materials. These techniques can be subdivided into three 
categories as well: Green’s function techniques, slab calculations, and clus- 
ter calculations. The main difference between these methods is the boundary 
condition used to model the semi-infinite surface. The Green’s function tech- 
niques treat the semi-infinite nature of the surface exactly (and as a result are 
the most complex). Slab models treat the infinite 2D nature of the surface 
property, but have a finite thickness in the third dimension perpendicular 
to the surface. Finally, the cluster methods model the surface with a finite 
set of atoms. For the details of a particular method, the reader is referred, 
primarily, to the review literature and to graduate-level texts (see the listing 
presented in [13.11]). Here we will emphasize only the basic terminology; the 
goal is to enable the reader to evaluate computational results. 
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One feature, common to all of the mentioned methods, is the way in 
which the equilibrium surface atomic geometry is obtained. That is, once the 
method is chosen, and the total-energy functional specified, atomic forces are 
computed, and the total energy minimized as a function of the atom core 
coordinates (see (13.18)). The methods differ, of course, in the way in which 
the total energy functional is specified. 

In order to characterize in more detail the quantum mechanical approach 
to surface structures, we will discuss now the main calculation procedures 
used in this approach. The differences between the various quantum me- 
chanical methods lie in the way in which the many-body electron-electron 
interactions are reduced to effective one-particle, or one-electron interactions. 
Perhaps the most straightforward way of illustrating these differences is to 
partition the one-electron energy into component parts as follows [13.11]. 

EEL{r{N)) = EKE{r{N)) + EH{r{N)) + 

+ Ex{r{N))EEc{r{N)). (13.19) 

Here, Eke is the one-electron kinetic energy and electron-ion attraction 
which results from (13.19) with the potential V{r) in the form of Coulomb 
attraction energy. The remaining terms stands for different electron-electron 
interactions; Eh represents the two-electron Hartree screening (or Coulomb) 
interaction. Ex represents the two-electron exchange (or Fock) interaction, 
arising from the indistinguishability of the electrons, which must be reflected 
by the wave functions; and Ec is the electron correlation energy. 

Let us start with the SCF-LCAO method, which simplifies the computa- 
tion of the electronic energy by restricting the one-electron wave function to 
a single Slater determinant [13.16]. This requirement is one way to assure 
that the wave function is antisymmetric and describes electrons as indistin- 
guishable particles. It also results in the neglect of electron correlation effects 
(although a limited amount of correlation is included since the method also 
obeys the Pauli exclusion principle [13.17]). This level of calculation is called 
the “Hartree-Fock” level. Equation (13.19) reduces at this level to the form 

EEL{r{N)) = EKE{r{N)) + Eh{t{N)) + Ex{r{N)), (13.20) 

where all of the terms are now evaluated explicitly. To do this, the one- 
electron wave functions are computed using the effective one-electron Hamil- 
tonian operator, referred to in this context as the Fock operator, obtained 
from the variational principle. Note that the one-electron wave functions, 
'0i(r), appear in the definition of the Fock operator, requiring an iterative, 
or “self-consistent” solution. Once the one-electron wave functions are found, 
the energy terms in (13.20) can be evaluated [13.11]. 

In summary, one has to notice that the SCF-LCAO method neglects elec- 
tron correlation effects by limiting the wave function to a single Slater deter- 
minant. The remaining energy terms of (13.20), i.e., the kinetic, electron-ion. 
Coulomb, and exchange energies are then evaluated explicitly. 
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The next method, the density functional method (DFT), differs from the 
SCF-LCAO method in that the electron density, p(r), is used as the variable 
of interest [13.18]. It has been shown [13.19] that the ground state electronic 
energy can be expressed as a functional of the external (or nuclear) potential, 
i/(r), and the electron density as 

E{p{r)) = (r(p(r)) + J p{r)i^{r)dr + V'ee(p(T’))]j , (13.21) 

where T(p(r)), is the kinetic energy, the second term (integral) is the 
electron-ion energy, and the third term, represents all of the electron- 
electron interactions, including the Hartree, exchange, and correlation en- 
ergies. The only constraint on the electron density is that it has to be ‘W- 
representable” , i.e., that it can be obtained from an antisymmetric wave func- 
tion, and thereby the electrons behave as indistinguishable particles. Most 
importantly, this electron density can be a “one-electron” density, that is, an 
electron density constructed from some set of one-electron functions. This is 
a remarkable result since it exactly transforms the many-body problem into 
an one-electron problem, provided that the terms in (13.21) can be evaluated. 
This, of course, is the difficult part because the exact forms of the kinetic 
energy and the electron-electron interaction terms are unknown. 

The most commonly used approach is the Kohn-Sham method [13.20]. 
In this approach, the kinetic energy term, T(p(r)), is replaced by the kinetic 
energy of a system with no electron-electron interactions, Tg(p(r)), but at 
the same ground state electron density of the original system (with electron- 
electron interactions). In this way the (newly defined) kinetic and electron-ion 
interaction energies can be computed from the one-electron eigenvalues, e^, 
of a system of noninteracting electrons moving in the new external potential, 
z/s(r), of the noninteracting system 

EKE{r{N)) = (Ts{p{r)) + J p{r)us(r)dr^ 

nl2 

= (13-22) 

1 

with z^s(r) = u{r) -h / (p(r'))/(|r — r'\)dr' -h Vxc(^)- The electron density is 
computed from the associated one-electron eigenfunctions, ^i{r)^ as 

n/2 

p(r) = 2j2\Mr)\^ (13.23) 

1 

and the Hartree energy (also referred to as Jipir))) is computed as in the 
SCF-LCAO method 

Eh{t{N)) = J{p{r)) = ^P^drdr'. (13.24) 
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This leaves only the exchange and correlation energies to be evaluated, along 
with the correction needed to account for the neglect of the electron-electron 
interactions in the kinetic energy computation. All of these terms are col- 
lected together as an effective one-electron term, referred to as the “exchange- 
correlation” energy, and given by 

Exc{r{N)) = T{p{r)) - T,{p{r)) + VMr)) - J(p(r)) 

= 3^ J Vxc{pir))p{r)dr, (13.25) 

where Vxc{p{'^)) is the exchange-correlation potential. 

In summary, the density functional method uses the electron density, 
rather than the wave function, as the system variable of interest. As a result, 
it is possible to transform exactly the many-body problem into an effective 
one-electron problem. In this effective potential, the kinetic energy is com- 
puted for a system of noninteracting electrons. The kinetic energy correction 
(due to the fact that real electrons interact) is then lumped together with the 
exchange and correlation interactions into an effective, one-electron exchange- 
correlation potential Vxc(p(^))- The Hartree energy is computed explicitly 
as in the SCF-LCAO method. 

We will conclude this short review of quantum-mechanical methods with 
the tight-binding method. The ideology of the empirical tight-binding method 

[13.21] is simple: none of the terms in (13.19) are evaluated explicitly. Instead, 
the Schrodinger equation (13.4) is recast into matrix form 

mC] = [S][C][£;], (13.26) 

where [E] is the diagonal matrix of one-electron eigenvalues and [C] is the 
matrix of expansion coefficients (which define the eigenvectors); [S] is the 
overlap matrix, accounting for the spatial overlapping of the basis functions, 
whose elements are given by 

Sij = yy^*(r)^j(r')drdr', (13.27) 

and [H] is the Hamiltonian matrix, whose elements are given by 

= jj i>*{r)m^{r')]drdr' . (13.28) 

The elements of the Hamiltonian matrix are treated as adjustable param- 
eters, fitted at the high symmetry points of the first Brillouin zone to either 
experimental information, or to the results of ab initio calculations for the 
bulk system. These parameters are then assumed to be transferable for use in 
computing the properties of surfaces. The range of these interactions is usu- 
ally assumed to be the nearest-neighbor or the next-nearest- neighbor only, 
and the interaction matrix elements are assumed to have some parametric 
dependence upon the internuclear separation d (in the crystal lattice). Com- 
monly a dependence for sp-bonded semiconductor systems is accepted 

[13.22] . 
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The assumption of transferability (from bulk to surface) for the Hamil- 
tonian matrix elements will be valid provided that the charge density at the 
surface is not significantly different from that in the bulk. The success of this 
assumption (see [13.23] and [13.24]) for the covalently bonded semiconduc- 
tor systems is an a posteriori justification for its use. For the more “ionically” 
bonded insulating systems, this assumption should be equally valid [13.11]. 

The most important aspect of the empirical tight-binding method, how- 
ever, is that the electron-electron interactions are never computed, but in- 
cluded empirically through the parametrization of the Hamiltonian matrix 
elements. This has consequences in the way the total energy is evaluated, 
since the electronic energy can only be expressed as the sum of the one- 
electron eigenvalues. This sum, however, overestimates the electronic energy 
by double-counting the Hartree and exchange interactions. Because this extra 
energy cannot be explicitly accounted for, it is usually lumped together with 
the nuclear-nuclear repulsion, and the total energy is rewritten as 

Etotir(N)) = Ebs{r{N)) + U{r{N)), (13.29) 

where F^bs is the sum of the occupied one-electron eigenstates (commonly 
termed the “band structure” energy), and [/ is a pair potential (i.e., a poten- 
tial that depends only upon the pairwise interactions between the atoms in 
the system) representing the nuclear repulsion and electron-double counting 
terms [13.25]. 

Summarizing, it has to be emphasized that in the empirical tight-binding 
method none of the interactions in the system are computed explicitly, in 
contrast to the SCF-LCAO and density functional methods. Instead, they 
are included empirically, through the parametrization of the Hamiltonian 
matrix and the pair potential U [13.11]. 



13.2.3 Reconstructed Surfaces; Materials- Related Examples 

The first insight into the structure of crystal surfaces can be obtained by 
applying a simple set of chemical and physical principles. In fact, these prin- 
ciples can be cast as a set of five rules [13.11]: 

(i) saturate the dangling bonds; 

(ii) form an insulating surface; 

(iii) take into consideration the kinetics of surface ordering/re-ordering pro- 
cesses; 

(iv) form an electrically neutral surface; 

(v) conserve the bond lengths. 

Let us briefly comment on these rules. 

As already mentioned above, the creation of the surface causes dangling 
bonds to appear there, that is, generates bonds which are used to bind sur- 
face atoms to their, now missing, bulk neighbors. This is an energetically 
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unfavorable situation, because these dangling bonds are only partially filled 
with electrons. Therefore, a driving force exists at the surface to redistribute 
the dangling bond electrons (the charge density) into a more energetically 
favorable configuration. In general, this occurs in a way which satisfies the 
local chemical valences of the surface atoms. 

In order to ensure an energetically favorable state of the surface, one has to 
eliminate the dangling bonds. This can be done by creating an “insulating” 
surface, i.e., by forming new bonds at the surface, either between surface 
atoms, or between the surface atoms and atoms of adsorbates (adatoms). 
This means opening a gap between the occupied and nonoccupied surface 
states. The surface can, however, become insulating also as a result of surface 
structural rearrangements, i.e., by surface relaxation or reconstruction, that 
transfers electrons between surface atoms. Finally, the energy of the surface 
can be lowered electronically, through strong electron correlation effects which 
also open a gap between the occupied and unoccupied surface states. 

In general, and especially for the fracture surfaces of the crystalline metal 
oxides, the structure exhibited by any surface is dependent upon the pro- 
cessing history of the sample. That is, the “structure observed will be the 
lowest energy structure kinetically accessible under the preparation condi- 
tions” [13.24,26,27]. This applies to the cleavage surfaces as well, where the 
exhibited surface structures are “activationless” in the sense that the acti- 
vation energy for the relaxation or reconstruction is less than the energy 
provided by the cleavage process. 

The energetically most favorable way of pairing up dangling bond elec- 
trons, or equivalently to form an electrically neutral surface, is to fully occupy 
the anion dangling bonds and simultaneously to empty the cation dangling 
bonds. Alternatively this can be thought of as completely filling the valence 
band orbitals while completely emptying the conduction band orbitals, which 
is the situation characteristic for the bulk of the crystal. This process is also 
referred to as autocompensation. 

All of the factors described above provide potential driving forces for the 
atoms to move away from their bulk atomic positions and lower the surface 
energy. If this movement creates local strain in the surface or subsurface 
region, which results from the distortion of the local bonding environment, 
then the surface energy will be raised and the movement of the surface atoms 
is resisted. However, not all surface strains are created in equal ways. For 
example, distortions of bond angles typically cost an order of magnitude 
less energy than distortions in near-neighbor bond lengths. Consequently, 
surface atomic motions which move the atoms into electronically favorable 
configurations, while (nearly) conserving near-neighbor bond lengths, are the 
most favorable motions. 

In conclusion it is worth emphasizing that the topology of the surface is 
the factor that controls which atomic motions will be energetically favorable. 
Hence, it is the balance between the surface energy lowering due to the elim- 
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ination of surface dangling bonds and the creation of an insulating surface, 
and the energy cost due to induced local strain that primarily determines 
nature of surface relaxation and reconstructions. 

Let us now discuss some selected, materials-specific surface reconstruc- 
tions, as examples of how nature orders the crystal surfaces according to the 
principle of minimization of the surface energy. 

The best known, and probable most deeply studied materials group is the 
group of tetrahedrally coordinated elemental (Si, Ge) and compound (GaAs, 
InAs, CdSe, etc.) semiconductors [13.13]. The structure of most of these 
semiconductors is illustrated in Fig. 13.9, in which a ball-and-stick model of 
the zincblende (compound semiconductors) and diamond (elemental semi- 
conductors) atomic geometry is given. The tetrahedral nature of the local 
atomic coordination is indicated in this figure by heavy lines. The typical 
low-index surfaces of these semiconductors are shown in Fig. 13.3 for the di- 
amond lattice. 

Among the elemental semiconductors. Si surfaces are the most thoroughly 
studied. This makes Si an ideal example for the present discussion. The 
Si(lll) surface is the cleavage face of Si crystals. This surface may exhibit, 
however, two possible cleavage terminations. To obtain the one illustrated in 
Fig. 13.3, the surface is cleaved so that only one bond per surface atom is bro- 
ken (“single bond scission”). As noted earlier, the truncated bulk geometry 
is not stable because the surface atoms relax to saturate the dangling bonds. 
For Si(lll) this is believed to occur via the formation of two surface layers 




Fig. 13.9. Ball-and-stick model of the zincblende (ZnS) atomic geometry. Open 
circles represent cations (e.g., Zn atoms) and closed circles anions (e.g., S atoms). If 
both species are identical (e.g., C, Si, Ge), then this structure becomes the diamond 
atomic geometry. Balls represent atomic species and lines (i.e., “sticks”) the bonds 
between them. The heavy shadowed lines around the second-layer atom indicate 
the tetrahedral coordination of the individual atomic species in these structures 
(taken from [13.13]) 
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Si(lll)-(2xl) 
Triple-Bcmcl Scission 




(a) (b) 

Fig. 13.10. Ball-and-stick model of the (2x1) 7r-bonded chain structure resulting 
from (a) the single-bond scission cleavage of Si, (b) the triple-bond scission cleavage 
of Si (taken from [13.13]) 



composed of 7r-bonded chains of locally sp^ coordinated Si atoms as shown in 
Fig. 13.10a. The sp^ chain is a recurring structural motif in the surface struc- 
ture of tetrahedrally coordinated semiconductors. It is an example of how 
the surface atoms relax so that the normally tetravalent, fourfold coordi- 
nated Si atoms can satisfy their fourfold valence with threefold coordination. 
Such TT-bonds occur in both dimer and chain structural motifs on Si surfaces, 
thereby permitting the “dangling” sp^ electrons of the truncated bulk surface 
to participate in chemical bonds which stabilize the reconstructed surface. For 
further information on this subject the reader is referred to [13.28]. 

The second possible cleavage termination of the Si(lll) surface has been 
proposed by Haneman and coworkers [13.29]. According to this work, the 
(111) surface cleaves by breaking three bonds per Si atom, instead of one 
bond, thereby uncovering a different atomic plane parallel to the (111) sur- 
face. In this case the sp^ surface chain would appear as shown in Fig. 13.10b. 
The sp^ chain is a common structural motif in both models, and by itself 
accounts for many features of the experimental surface characterization mea- 
surements. 

Upon annealing above about 300° C, the (2x1) cleavage structure con- 
verts irreversibly into the (7x7) structure, although the precise nature of this 
conversion is still being discussed [13.30]. A schematic diagram of the dimer- 
adatom stacking fault model for this structure is given in Fig. 13.11. Three 
new surface motifs occur in this structure. Dimers appear along the outside 
edges of the unit cell. Adatoms (which are threefold coordinated) appear over 
some of the atoms in the second layer but not over others (called rest atoms) . 
By the third layer all of the atoms are fourfold coordinated as in the bulk. 
On one half of the unit cell the atoms in the second layer lie directly over 
those in the fifth layer as in the wurtzite rather than the zincblende packing 
sequence. Thus, they constitute a stacking fault in the diamond lattice. 
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Si (111) -7x7 





Fig. 13 . 11 . Schematic illustration of the top and side views of the dimer-adatom 
stacking fault model of the Si(lll)-(7x7) structure. The side view is given along 
the long diagonal of the unit cell. In the top view, the large shaded circles designate 
the adatoms in the top layer of the structure. The large solid circles designate “rest 
atoms” in the second layer which are not bonded to an adatom. Large open circles 
designate triply bonded atoms in this layer, whereas small open circles designate 
fourfold coordinated atoms in the bilayer beneath. Smaller solid circles designate 
atoms in the fourth and fifth bilayers from the surface. The size of all circles is 
proportional to the proximity to the surface. The side view is a plan view of nearest 
neighbor bonding in a plane normal to the surface containing the long diagonal of 
the surface unit cell. Smaller circles indicate atoms out of the plane of this diagonal 
(taken from [13.13]) 



The (100) surface of Si is even more important because it is a widely used 
substrate for microelectronic fabrication. It is also a common template for 
MBE. This surface is prepared by ion bombardment and annealing. It exhibits 
a (2x1) structure. The current consensus about the atomic geometry of this 
surface is that it consists of tilted dimers as shown in Fig. 13.12 [13.18]. 
Thus, one again finds a dimer motif as a means to achieve threefold surface 
coordination of a group IV atom. More on Si surface reconstructions may be 
found in [13.15]. 

Compound semiconductors represent a more complicated case with re- 
spect to surface reconstructions since the surface stoichiometry gives an ad- 
ditional degree of freedom in order to minimize the total energy of the surface. 
Thus in general a large variety of surface reconstructions is possible depend- 
ing on the supply of constituents to the surface. Their densities define the 
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Si (100) - (2x1) 
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Fig. 13.12. Ball-and-stick model of the buckled dimer structure of the Si(lOO)- 
(2x1) surface (taken from [13.13]) 



chemical potential at the surface which is the driving force for the appear- 
ance of the different surface reconstructions. The best studied example in 
that respect is the GaAs(OOl) surface which is the starting surface for many 
electronic or optoelectronic device structures. The total surface energy has 
been calculated by DFT for many surface models. A summary of such results 
is shown for GaAs in Fig. 13.13 [13.34]. In the latter reference total energy 
diagrams and corresponding structural models for other III-V semiconduc- 
tors can also be found. In epitaxial growth the proper surface is adjusted 
then by changing the chemical potential via the flux from the sources; in 
MBE by varying the temperature of the effusion cells, and in MOVPE via 
the flow rates of the precursors. Thus the starting surface for growth can be 
experimentally very well controlled especially when a monitoring device like 
RHEED or RAS is available (see Ghap. 10) for excact calibration. 

More complicated cases are constituted in gas phase epitaxial growth be- 
cause the gas phase may contain many radicals which might adsorb on the 
surface and influence the surface reconstruction. Examples have been dis- 
cussed in Ghap. 8 where growth with TMGa at low temperatures produces 
new reconstructions via the adsorption of GH 3 or GH 2 (Fig. 8.28). While in 
this situation the growth conditions are not at all standard and the hydrocar- 
bonated surfaces are easily recognized by RAS the case of atomic hydrogen, 
being always present on the growing surface in MOVPE, is more difficult 
to detect. However, the recent studies on the InP(OOl) surface grown under 
P-rich conditions showed that InP(001)-(2xl)/2x2) observed in diffraction 
could not be built up just from P (In) atoms [13.35]. Instead a InP(OOl)- 
H-(2x2) reconstruction containing two hydrogen atoms per unit cell was 
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Fig. 13.13. Relative formation energy per (1x1) unit cell for different reconstruc- 
tions of the GaAs(OOl) surface as a function of the Ga chemical potential. The 
vertical dashed lines mark the approximate As- and Ga-rich limits of the thermo- 
dynamically allowed range, (taken from [13.34] where also the structural models 
can be found). 



suggested from DFT calculations and RAS experiments as the main recon- 
struction [13.36]. Such results can have major implications for understanding 
the many differences in physical properties observed between similar surfaces 
in MBE and MOVPE. One such example is the diffusion length of Ga atoms 
on GaAs(OOl) which is at least one order of magnitude larger in MOVPE 
than in MBE [13.37]. 



13.3 Substrate Surface Structure 
and the Epitaxial Growth Processes 

We will discuss three growth examples on the basis of the microscopic surface 
structure. 

13.3.1 GaAs(OOl) Homoepitaxy 

The most important process influenced by the substrate surface structure 
is homoepitaxial growth itself. Much progress has been achieved recently 
towards a microscopic understanding with the example of GaAs(OOl) with 
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the help of ah initio density functional theory in combination with kinetic 
Monte Carlo (KMC) simulations [13.38]. This approach can help to bridge 
the time scales (seconds) and length scales (micrometers) of epitaxial growth 
to those of the ruling microscopic processes which operate in the subnanome- 
ter and the femto- to picosecond range. The use of DFT alone of course has 
been hampered by the need to bridge computationally these many orders of 
magnitude in scales. In the KMC simulations time evolution proceeds by the 
discontinuous changes of the occupation of discrete lattice sites. These events 
may be either adsorption or desorption of molecules or the hopping process 
of an atom to another lattice site. The rates of the events are determined 
parameter free on the basis of the energies obtained from DFT calculations. 
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Fig. 13.14. Potential energy surfaces (PES) for a Ga adatom on the GaAs(OOl)- 
/32(2x4) surface, (a) PES obtained when the adatom is relaxed from 0.3 nm above 
the surface, (b) PES obtained when the adatom is relaxed from 0.05 nm above the 
surface with the surface dimers initially broken. The dahed lines represent the unit 
cell. The contour line spacing is 0.2 eV. The atomic positions of the clean surface 
are indicated for atoms of the upper two layers and for the As dimers in the third 
layer (As: empty circles. Ga: filled circles) (taken from [13.41]) 
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The following events have been included in the work published by Kratzer 
et al. [13.38-40] on the GaAs(001)-/?2(2x4) surface: 

(i) Ga adsorption occurs with a sticking coefficient of unity and is thus 
proportional to the flux of Ga atoms to the surface. 

(ii) diffusion! Ga is performed on the basis of potential energy surfaces 
[13.41] over the conflgurational space spanned by the adatom and the 
substrate atoms (Fig. 13.14 gives an example). For computational sim- 
plicity, however, only the subspace containing the lateral coordinates 
of the adatom is considered. The other coordinates are fully relaxed. 
The migration of the adsorbed adatom is then described by hopping 
between minima in the potential energy surface (binding site) to tran- 
sitions sites (saddle points in energy), the corresponding energy differ- 
ence being the activation energy. Altogether 29 different site speciflc 
hopping transitions have been included in the calculations of [13.38]. 
Ga hopping (10“^^ to 10“^ s) along the trench [110] turns out to be 
faster than from trench to trench and is thus strongly anisotropic. 

(iii) Ga incorporation is given through the binding energies calculated 
in each conflguration by DFT. It is strong when As is adsorbed above 
the Ga atom, if it forms a Ga dimer with a neighbouring atom or if it 
sits in a string of Ga atoms in the [110] direction. 

(iv) As 2 molecules only stick to the surface after Ga has been deposited. 
Otherwise they are only weakly bounded. Because of the high binding 
energy of As 2 it is incorporated as a whole unit at sites where it can 
become an As surface dimer. 

Figure 13.15 gives examples of adsorption at one or two Ga adatoms in the 
trench of the GaAs(001)-/32(2x4) surface. These very stable complexes are 
found to have life times on the surface beyond 0.1s at temperatures below 
800 K and thus have sufficient time to interact with other Ga atoms. In such 
a way the GaAs(001)-/32(2x4) surface with two dimers in the top layer per 
unit call is transformed locally into a GaAs(001)-/l(2x4) with three dimers 
in the top layer per unit cell. These local ^(2x4) structures (Fig. 13.16b) act 
then as a precursor for nucleation of the new layer (Fig. 13.16c or d). 



13.3.2 Quantum Dots Grown on Surfaces 
of Different Reconstruction 

We will discuss the example of the InAs/GaAs system, which is the most in- 
teresting system from the point of view of self organization during epitaxy of 
quantum dot arrays (see Sect. 11.5.1). The growth process of dots (3D islands) 
is strongly dependent on surface reconstruction of the substrate crystal, be- 
cause this reconstruction reflects the configurational energy of the surface. 
On the other hand, the equilibrium shape of the quantum dots results from 
the competition between the surface and elastic energies at the dot-substrate 
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Fig. 13.15. (a)As 2 molecule (grey) adsorbed on a single Ga adatom that has 
split a trench As dimer establishing three As-Ga backbonds, thereby forming a 
stable Ga-As-As-Ga 2 complex; (b) As 2 molecule adsorbed on two Ga atoms in the 
trench, establishing four As-Ga backbonds and thereby forming stable Ga 2 -As-As- 
Ga 2 complexes. As (Ga) atoms of the GaAs(001)-/52(2x4) surface are shown as 
empty (filled) circles, (taken from [13.38]) 




Fig. 13.16. Growth scenario as proposed in [13.39]: (a) The starting GaAs(OOl)- 
/12(2x4) surface is (b) locally transformed into a GaAs(001)-/3(2x4) (Fig. 13.15) 
from where (c or d) nucleation of a new layer takes place (taken from [13.39]) 
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Fig. 13.17. Atomic structure models for the InAs(llO) surface, top and side views. 
Open and filled circles denote As and In atoms, respectively; the size of all of the 
circles is proportional to their proximity to the surface (taken from [13.31]) 



interface (the latter energy reflects the lattice mismatch-generated stress at 
this interface). The theoretical analysis of the shape and stability of quantum 
dots in this material system, taking into consideration the different possible 
surface reconstructions, has been presented in [13.31]. 

The stable surface reconstruction is that with the lowest surface free en- 
ergy. In the case of a two-component system, like surfaces of III-V com- 
pounds, also the stoichiometry of the surface enters in the energetic balance 
of the surface. In the optimization procedure of [13.31], leading to the equilib- 
rium shape of the InAs dot grown on the GaAs surface, stoichiometry enters 
as an additional chemical degree of freedom into this procedure. The local- 
density approximation is applied there to the exchange-correlation energy 
functional by using parametrization of the correlation energy of the homoge- 
neous electron gas. Surfaces are approximated by periodically repeated slabs 
(see [13.11] for details on the slab model used to simulate a surface). For ex- 
ample, (lll)-slabs are built of stacks of In- As double layers, which are cation 
or anion terminated, respectively, on the opposite sides of the slab. 

The simplest approach to calculate surface energies is realized by taking 
the same reconstruction on both sides of the slab. In that case the surface 
energy can directly be inferred from the total energy of the slab by subtracting 
the bulk energy. In the considered case of InAs dots grown on GaAs, the InAs 
surfaces are assumed to display surface reconstructions equivalent to those 
of GaAs. 

For the (110) orientation in the case of InAs, shown in the atomic structure 
models in Fig. 13.17, always the relaxed (lx 1) cleavage plane yields the lowest 
surface energy, independent of the As chemical potential. The As-terminated 
(llO)-(l X 1) surface, which for GaAs becomes stable under As-rich conditions, 
remains unstable for InAs. The relaxed cleavage surface displays the well- 
known outward rotation of the As atom. 

For the (100) orientation, the calculations of [13.31] yield the [ 32(2 x 4) 
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Fig. 13.18. Atomic structure models for the InAs(lll) surface. Open and filled cir- 
cles denote As and In atoms, respectively; the size of all of the circles is proportional 
to their proximity to the surface (taken from [13.31]) 



reconstruction as the energetically preferred surface structure under As-rich 
conditions. Again, the most As-rich c(4 x 4) reconstruction, which becomes 
stable in the As-rich environment in the case of GaAs, does not become 
stable for In As. Experimentally the surface reconstruction has been reported 
to change from (2 x 4) to (4 x 2) as a function of As chemical potential. 

Both for the (111) (see Fig. 13.18) and the (iTT) (see Fig. 13.19) orienta- 
tion the predicted equilibrium reconstructions are consistent with experimen- 
tal data. While the As-trimer structure becomes the energetically preferred 
reconstruction of the GaAs(lll) surface in the As-rich environment, for InAs 
the stoichiometric In vacancy reconstruction is stable independent of the As 
chemical potential and the As-trimer structure always remains unstable. For 
the (TTT) orientation on the other hand both GaAs and InAs display equiv- 
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Fig. 13.19. Atomic structure models for the InAs (111) surface. Open and filled 
circles denote As and In atoms, respectively; the size of all of the circles is propor- 
tional to their proximity to the surface (taken from [13.31]) 




alent surface reconstructions, with an As-trimer reconstruction being stable 
under As-rich conditions. 

Since epitaxial growth of InAs quantum dots is most often performed 
under As-rich conditions, only the surface energies for surfaces in equilibrium 
with bulk arsenic have been taken into consideration when comparing the 
calculated dot shapes to experiment. These surface energies are listed below: 



Orientation 


Reconstruction 


Surface energy (meVj 


(110) 


(1x1) relaxed cleavage plane 


41 


(100) 


(3{2 X 4) 


44 


(111) 


(2 X 2) In vacancy 


42 


(111) 


(2 X 2) As trimer 


36 
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Fig. 13.20. Equilibrium shape of 
InAs quantum dots in an As-rich 
environment. Surfaces are labelled 
by their Miller indices (taken from 
[13.9]) 



The theoretical shape of the quantum dots (3D islands) of InAs calcu- 
lated with these data exhibit all four orientations (see Fig. 13.20), which is in 
agreement with experimental results obtained when InAs dots were grown 
on GaAs by MOVPE and MBE [13.32,33]. 



13.3.3 Ordering in InGaP 

Like many ternary semiconductors InGaP shows the CuPtg-type ordering 
effect on the group-III sublattice. This ordering is described by an ordering 
parameter rj which is zero for no ordering and 1 for complete orderinh. The 
ordering results in a reduction of the bandgap and a reduced bulk symmetry 




RAS Signal @ 2.9 eV * 10^) 



Fig. 13.21. Correlation of ordering parameter to the RAS amplitude at 2.9 eV 
(surface contribution only) which scales with the (2xl)/(2x4) surface domain ratio 
(taken from [13.43]) 
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Fig. 13.22. Calculated atomic positions of the P-rich subsurface region of In- 
GaP(OOl) using DFT-LDA based TE minimization. The resulting buckling of the 
dimers can be clearly seen, (taken from [13.43]) 



depending on the actual ordering. For technological applications these proper- 
ties are not at all desired. Growth under many different conditions, fluxes and 
temperatures had been done in order to minmize this ordering. By measuring 
simultaneously the ordering and the surface reconstruction in MOVPE it was 
found that all the data could be mapped on one curve in a diagram of the 
ordering parameter versus the domain ratio of (2xl)/(2x4)[13.43] as given 
in Fig. 13.21. This clearly states that the surface reconstruction determines 
the bulk growth. Maximum ordering occurs in connection with the P-rich 
InGaP(001)-(2x l)-like surface and no ordering on the group-III-(2x4)-like 
surface. Since the former reconstruction has P-dimers on the surface while 
the latter has not it was concluded that the P-dimers are responsible for the 
ordering to occur. The buckling of the dimers gives two inequivalent positions 
for the group III atoms (Fig. 13.22). The DFT calculation shows moreover 
that the configuration with the smaller atom (Ga) below the strained dimer 
rows and the larger (In) atom between the dimers rows is energetically more 
favorable (0.24 eV per surface atom) than the opposite case (In below P 
dimer, Ga in between dimer rows). This case of InGaP ordering therefore 
constitutes a very nice example where the influence of microscopic struc- 
ture on macroscopic structure can be very directly observed and moreover 
constitutes also a very convincing example for ab initio theory in describing 
epitaxial growth. 
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The most frequently used, and most important, epitaxial growth process is 
heteroepitaxy, namely, the epitaxial growth of a layer or a thin film with a 
chemical composition, and usually also structural parameters, different from 
those of the substrate. Different aspects of heteroepitaxy have already been 
presented and discussed in this book. The definition of this growth process 
is given in Sect. 1.1, which is followed by an introduction to heterogeneous 
nucleation in Sect. 2.1. and a detailed presentation of interface dislocations 
occurring in heterostructures. A concise survey of the specific features of 
heteroepit axial layers is presented in Sect. 2.3.2, while the most interest- 
ing application areas of heteroepitaxial multilayer structures are discussed 
in Sect. 3.1. The thermodynamics of heterointerface formation processes is 
described in Sect. 11.4, while the most fascinating problem of self organi- 
zation in heteroepitaxial growth is discussed in detail in Sect. 11.5. Finally, 
the atomistic approach to heteroepitaxy, including growth on vicinal surfaces, 
and the important role of surface structure for heteroepitaxy, are the subjects 
of Chaps. 12 and 13, respectively. 

Keeping in mind the above listed items related to heteroepitaxy, already 
presented and discussed in this book, we will concentrate in this chapter 
on specific features and implementations of heteroepitaxial growth phenom- 
ena. We will start with discussing heteroepitaxy of nearly lattice-matched 
heterostructures. 



14.1 Nearly Lattice-Matched Heterostructures 

The crucial problems of heteroepitaxy are connected with lattice mismatch, 
or misfit (for definition see Sect 2.3.2). These terms refer to the disregistry 
of the equilibrium interfacial atomic arrangements of the substrate and the 
overgrown epilayer. Differences in atomic spacing of lattice symmetries, which 
are characteristic of the two crystals in the absence of interfacial interaction 
between them, are responsible for this disregistry. 

Lattice mismatch between the substrate and the growing film has signifi- 
cant effects on epitaxy. The most important are the following three: 

(i) inducing structural defects (e.g. misfit dislocations) in the transition 
region between the substrate and the growing film. 
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(ii) affecting the growth morphology of the film in both 3D island and 2D 
layer growth modes, 

(iii) influencing the epitaxial orientation of the grown film by affecting the 
heterogeneous nucleation process. 

These effects are due to the interfacial energy which is related to the 
strength of bonding at the interface as well as to the degree of lattice mis- 
match. As the bonding strength increases, the system tends towards pseu- 
domorphic (coherent, perfectly matched) growth [14.1] with the resulting 
homogeneous strain which depends on the bonding strength, the lattice mis- 
match, the thickness of the film, the pre-existence of dislocations, the mate- 
rial parameters (e.g., the elastic properties) and the growth conditions [14.2]. 
However, as the layer thickness increases, the homogeneous strain energy Eh 
becomes so large that a thickness is reached when it is energetically favor- 
able for misfit dislocations to be generated at the interface (see Fig. 2.17). 
The overall strain will then be reduced, but at the same time the dislocation 
energy E]j will increase from zero to a value determined by the lattice mis- 
match. The existence of this characteristic thickness of the epilayer, called 
the critical thickness, was first indicated in the theoretical study by Frank 
and van der Merwe [14.3]. It has been subsequently treated theoretically by 
others and confirmed by various experimental observations [14.4]. 

If the lattice mismatch between the substrate and the growing epilayer 
is sufficiently small (<2%) the epilayer usually grows with a 2D, layer-by- 
layer mode (FM mode see Sect. 1.2) and the relaxation of the homogeneous 
strain arises through generation of misfit dislocations leading to the plas- 
tic relaxation of this layer. For larger mismatch a 3D, island growth mode 
(VW mode) is generally developed before the plastic relaxation of the layer 
occurs. Thus, the strain relaxation with increasing thickness of the layer is 
accomplished first through an elastic relaxation into coherent 3D islands and 
continues then for thicker layers through misfit dislocations generated in the 
islands [14.5]. Consequently, one may distinguish in this case two characteris- 
tic thicknesses of the growing epilayer, namely, the “transition thickness” 

(for the 2D ^ 3D transition) [14.6-9] and the “critical thickness” ^md (for 
the generation of misfit dislocations), which satisfy the inequality < tuD 
[14.4]. 

One may now define the relevant lattice mismatch conditions for call- 
ing a definite heteroepitaxy pair of materials to be “nearly-lattice-matched” . 
This is an arbitrary choice; however, we will apply here as the criterion the 
nonoccurrence of the transition thickness. Consequently, we define as 
“nearly-lattice-matched” these heteroepitaxy pairs which are characterized 
by a lattice mismatch smaller than 2%. 




14.1 Nearly Lattice- Matched Heterostructures 391 



14.1.1 Critical Thickness; Theoretical Treatment 



In discussing the phenomenon of critical thickness of an epilayer, we will fol- 
low here the theory of Ball and van der Merwe [14.9]. The basic assumption 
of this theory is that the configuration of the substrate-epilayer system (the 
sje system (see Sect. 1.1 and Fig 1 . 1 )) is that of minimum energy. For a par- 
ticular s/e system consisting of a semi-infinite substrate A and an epitaxially 
grown layer B of thickness the interfacial energy per unit area Ej is given 
as the sum of the homogeneous strain energy Eh and the dislocation energy 
Ed- 



Ei = Eh + Ed- 



(14.1) 



The strain energy is defined by the interfacial shear modulus and Pois- 
son’s ratio z/, as well as by the thickness t and the strains in the overgrown 
layer. This energy may be expressed in the form 

Eh = (^1 E 2ueie2 + e^) (14.2) 

where are defined by (2.2). The dislocation energy is expressed in more 
complicated form 



Ed 



\^i 4~ fo,i\ 
47 t (1 — ly) cos ji sin pi 



(1 — z/cos^ Pi) In 




(14.3) 



where b is the magnitude of the Burgers vector characterizing the dislocation 
at the interface, p and 7 are the angles between the Burgers vector and 
the dislocation line, and between the glide plane of the dislocation and the 
interface, respectively. The natural misfit /o,i between the epilayer and the 
substrate is defined by (2.5). The cut-off radius of the dislocation Ri defines 
the outermost boundary of the dislocation’s strain field, while p is a numerical 
factor used to take the core energy of the dislocation into account (usually 
p = 4 [14.9]). 

In some cases, on (001) interfaces the misfits and lattice parameters will 
be identical with respect to the two perpendicular interfacial directions [ 110 ] 
and [110] in which misfit dislocations are observed to lie [14.10]. For such a 
situation (14.2) and (14.3) can be simplified because the homogeneous strains 
6 i and 62 will be the same, equal to e. Consequently 

(14.4) 



and 

. Je + /o|(l - vcos^fi) ( pR 

^ 27t( 1 — z/) cos 7 sin;d \ h 



(14.5) 



One has to notice that the strain energy Eh is zero at zero strain (e = 0), 
while the dislocation energy Ed falls to zero at / = e + /o = 0 which is the 
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Fig. 14.1. Curves showing the dependence of (i) homogeneous strain energy per 

unit area Eh ( ); (ii) dislocation energy per unit area Ed{- * •) and (iii) interfacial 

energy Ei{ ), for layer thicknesses of 100, 50 and 15 times the lattice constant 

of the substrate a^. The presented curves correspond to a film of GaAso. 9 oPo.io on 
GaAs with a natural misfit of —0.36% (taken from [14.9]) 



condition of pseudomorphism in the s/e system, or of coherency of the layer 
with the substrate. 

The actual configuration of the considered system will be given by the 
strain for which the interfacial energy Ej = Ei{e) is a minimum [14.9]. It 
can be seen from Fig. 14.1 that for a film thickness of 15 and of 50 times 
the substrate lattice constant a^, this minimizing strain is |e| = |/o|, corre- 
sponding to a coherent epilayer which is free of misfit dislocations. However, 
in the case of a film of thickness 100 times the minimizing strain eioo is 
somewhat smaller, indicating that misfit dislocations will be present [14.11] 
and spaced at intervals of 

Pioo = , . (14.6) 

JO + eioo 

Looking at the curves in Fig. 14.1, one may conclude that when the thick- 
ness t of the epilayer is small, the curve of Ej has a negative slope at |e| |/o| 

and this is the condition for a coherent film with no misfit dislocations. As 
the thickness increases, the slope of Ej at |e| = |/o| increases to zero and 
then becomes positive. The thickness at which the slope is zero is the critical 
thickness tyiD, above which misfit dislocations will occur. The criterion for 
the critical thickness is thus the following relation 

dEj 

- = 0, evaluated at lei = \fo\, 
d\e\ ' ' ' ' ' 

which leads to the expression 



(14.7) 
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Fig. 14.2. Critical thickness in units of lattice parameter as for the introduction of 
60° misfit dislocations on (111) glide planes in a (001) interface (z/ = 0.25) (taken 
from [14.9]) 



b{l — ucos^ (3) / pR 

87t|/o|(1 + z^)sin/^cos7 \ b 



(14.8) 



from which ^md may be calculated for a given natural misfit /q. Since the 
introduction of the first dislocations is being considered, the cut-off radius R 
can be set in this expression as equal to the thickness of the film. 

Figure 14.2 shows a plot of ^md as a function of the natural misfit /o for 
the case of z/ = 0.25 where the misfit dislocations are of the 60° type lying 
on (111) glide planes in an (001) interface. Again, p is taken as 4. 

The (001) interface of diamond and sphalerite s/e systems has eight differ- 
ent possible misfit dislocation slip systems of the 60° type which will produce 
interfacial dislocations, and all of these are equivalent in the relief of misfit. 
The assumption was made that the misfit is relieved simultaneously in both 
of the interfacial directions 1 and 2 since the critical thicknesses for the 60° 
dislocations along these two directions will be the same. 

In the case of interfaces of lower symmetry the dislocation slip systems 
are generally not equivalent in the relief of misfit and each system will have 
its own critical thickness. The dislocations which are in fact introduced will, 
according to the minimum energy principle, be those with the lowest critical 
thickness. The critical thickness for each system may be calculated from 
(14.7) with e = Cl and Ej given by (14.1)-(14.3), and the interfacial direction 
1 is perpendicular to the interfacial dislocations being considered. 

The comparison between the theoretically predicted values of the critical 
thickness and experimental observations has been discussed by Matthews 
[14.12]. In metals the predicted and the experimental values agree fairly 
well. In some materials, however, the thickness to which coherency persists is 
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very much larger than the predicted value. For example, germanium films on 
gallium arsenide are coherent to a thickness of approximately 2 |Lim, while the 
theoretical result is approximately 300 nm [14.13]. Despite such discrepancies, 
the calculated values of critical thicknesses can serve as a useful indication of 
the lower limit of the thickness at which misfit dislocations are introduced. 
This conclusion is justified by the fact that there is no case recorded, so far, 
of misfit dislocations to occur at thicknesses below the theoretically predicted 
critical thickness. 

A comprehensive theoretical treatment of the conditions under which co- 
herency between an epilayer and its substrate can be maintained may be 
found in [14.14]. In this presentation the energetics of misfit dislocations at 
the sje system interface is discussed in detail, and is followed by an analy- 
sis of the forces acting on dislocations in strained heterostructures. The 
treatment is concluded by a discussion of the kinetics of creation of misfit 
dislocations leading to relaxation of strain in the interface region. The mech- 
anisms of formation of misfit dislocations and of strain relaxation, as studied 
by high resolution transmission electron microscopy (HRTEM), are presented 
in [14.15,16] with a concise theoretical estimation. 

An important item concerning the critical thickness of epitaxial strained 
layers is its dependence on growth orientation. This effect is caused by both 
the crystallographic geometric factors and the anisotropy of elastic parame- 
ters of the sje materials system [14.17]. In a standard treatment of critical 
thickness, these two effects reduce it in all non-{001} growth orientations 
except the {111} orientations. Close to (111), where the (111) slip system is 
inactive, the critical thickness is slightly increased to 1.23 times the {001} 
value for GaAs and 1.37 times for Si. The analysis presented in [14.17] also 
shows that the critical thickness is decreased for any off-cut away from the 
(001)- or (111)- growth orientations and that the off-cut directions for the 
smallest decreases are <100> and <2li>, respectively. 

14.1.2 Critical Thickness; Experimental Data 

The most flexible growth technique which enables the experimental studies on 
the critical thickness phenomenon is MBE. The UHV environment character- 
istic of this technique ensures the required cleanness of the substrate surface 
and allows for application of surface analytical techniques like RHEED or op- 
tical reflectance spectroscopies to study the sje material system. Therefore, 
the presentation of experimental data concerning the critical thickness will 
be based on MBE experiments [14.4]. 

The theoretical treatment presented in Sect. 14.1.1, is based on energetic 
arguments similar to the Matthews-^Blakeslee (MB) model [14.18]. This is 
the most realistic approach for making an estimate of ^md at thermody- 
namic equilibrium. However, in non equilibrium conditions, which may be 
achieved with MBE or MOVPE, the experimentally observed critical thick- 
nesses of metastable pseudomorphic layers are much larger than the equilib- 
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rium values of ^md- Moreover, these non-equilibrium critical thicknesses are 
strongly dependent on the growth conditions, especially the growth temper- 
ature [14.19-21]. 

RHEED is the experimental technique most frequently used in MBE (for 
a detailed description see Chap. 10) to measure in situ the ^md and the 
thicknesses during a heteroepit axial growth process. As an example of exper- 
imental data gained with RHEED the results of the work [14.6] concerning 
InxGai_xAs epilayers grown on pseudomorphic InGaAs/InP substrates will 
be presented and briefly discussed. 

RHEED oscillations (characteristic for 2D growth) , 3D growth mode onset 
(deduced from intensity variations of 3D spots), and plastic relaxation onset 
(deduced from variations of surface lattice parameters) have been measured 
in this work for strained Ino. 82 Gao. 12 As (2% lattice mismatch to the sub- 
strate) and InAs (3.2% mismatch) layers grown at a temperature of 525° C. 
The results are presented in Fig. 14.3. The transition from plastic relaxation 
through misfit dislocations to plastic relaxation through 3D island genera- 
tion occurred at the composition xtr, of the ternary compound, at which 
the lattice mismatch of the layer to the substrate was equal to 1.7%. 

Looking at the curves presented in Fig. 14.3 one may conclude that there 
is competition between the two relaxation mechanisms. For strains (lattice 
mismatch) somewhat less than 2%, curves ^md and tjo coincide (at the com- 
position xtr of the ternary compound layer), which means that a transition 
in relaxation mechanisms occurs. For lower strains, i.e., at compositions of 
the ternary compound x < Xtr, smooth surfaces of the layer growing in 2D 
mode and misfit dislocations at the s/e interface occur. However, for higher 
strains, the layer grows predominantly in a 3D mode and relaxes through 3D 
island dislocations (the MB-type models for critical thickness calculation are 
no longer applicable in this case (see Fig. 14.3)). Consequently, two completely 
different relaxation mechanisms (through misfit dislocations or through 3D 
island dislocations) may occur during heteroepit axial growth, depending on 
whether the growth mode is 2D or 3D. This effect explains also the temper- 
ature dependence of the critical/transition thicknesses. Namely, growing at 
high temperatures favors near equilibrium conditions and the appearance of a 
3D growth mode for highly strained layers (the transition thickness 2D ^ 3D 
and the related relaxation of the strain through 3D islands is smaller than 
the critical thickness related to misfit dislocations). In contrast, lowering the 
temperature forces a 2D growth mode, due to a decrease of the interplane 
mobility of surface adatoms (relaxation of the strain occurs now at the critical 
thickness ^md > ^ 3 D through misfit dislocations). 

An increase in critical thicknesses for MBE growth of coherent interfaces 
by at least a factor of seven for the composition of InGaAs corresponding to 
less than 45% indium was observed in [14.22], when the growth temperature 
was lowered from the ordinary values for this compound of 500-600° C to 
460° C. A similar effect exerted on the critical thickness by lowering the MBE 
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growth temperature in single quantum well structures of InxGai_xAs/GaAs 
has been observed in [14.21]. The results of the investigations performed 
with photoluminescence in highly strained (0.36 < x* < 1) SQWs are shown 
in Fig. 14.4. 



14.1.3 Epitaxy on Compliant Substrates 

An interesting approach to grow pseudomorphic (coherent) structures over 
the critical thickness has been suggested by Lo [14.23], and then demon- 
strated in [14.24,25]. The idea is to grow epitaxially strained layers on free- 
standing, thin substrates, what is a direct conclusion of the following argu- 
ments. 

For conventional pseudomorphic heterostructures, the strain predomi- 
nantly occurs in the epitaxial thin film because the substrate is too thick 




Fig. 14.3. Critical/transition thickness curves for InGaAs/InP corresponding to 
the onset of 3D growth (t 3 D), plastic relaxation through misfit dislocations (^md) 
and plastic relaxation through 3D island generation (tio)- These experimental data 
correspond to a MBE growth temperature of 525° C for which the transition from 
plastic relaxation through misfit dislocations to plastic relaxation through 3D island 
generation occurred at composition of the ternary compound at which the 

lattice mismatch to the substrate was equal to 1.7%. The black square-dotted line 
gives the Matthews-Blakeslee (M.B.) equilibrium critical thickness curve which 
characterizes plastic relaxation through misfit dislocations generated in layers grown 
with a 2D growth mode (taken from [14.6]) 
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to be compliant. However, for thin enough substrate platelets, the elastic 
energy is more evenly distributed between the epilayer and the substrate so 
that the total energy is considerably reduced. In the extreme case, if a free- 
standing substrate (e.g., a diaphragm structure) is used, which is thinner 
than the critical thickness of the substrate material, then the overall strain 
energy will never be large enough to generate misfit dislocations, regardless 
of how thick the epitaxial layer is. The easiest way to understand this argu- 
ment is to consider the epitaxial layer as a “substrate” and the thin substrate 
as an “epitaxial layer” in the conventional sense. Since the “epitaxial layer” 
is thinner than the critical thickness, no misfit dislocations will occur under 
whatever “substrate” thickness. 

To establish the quantitative relationship between the substrate thickness 
and the maximum allowable pseudomorphic epilayer thickness, let us consider 
a model structure made of two {100} semiconductors A and B, as shown in 
Fig. 14.5a. Lattice mismatch for the coherent {100} interface gives rise to 
equal biaxial stresses (cru = <Ji 2 == cr) and strains (en = ei 2 = e) in both 
materials [14.23]. The condition of mechanical equilibrium requires that the 
net force on the material system must be zero, which leads to the relation 

O-aha - CTbhb = 0. (14.9) 

The misfit strains must also partition, such that 




growth temperature (degree) 



Fig. 14.4. The critical thickness data as a function of MBE growth temperature 
for four different values of the In content in InGaAs/GaAs. The value of the critical 
thickness for x = 0.5 at 450° C is larger than 55 A as marked by the arrow. The two 
solid lines present the results of theoretical calculations of the critical thicknesses 
(taken from [14.21]) 
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Fig. 14.5. Semiconductor A grown on a lattice-matched thin substrate (a). De- 
pendence of effective critical thickness on the substrate thickness; both axes are 
normalized to the critical thickness for an infinitely thick substrate (b) (taken 
from [14.23]) 



^0 — + ^5 — 



(14.10) 



where h is the epilayer thickness and Aa/{a) is the lattice mismatch (see 
(2.5)) between A and B. Neglecting the bending stresses, the strain energy 
per unit area in the system can be represented as 

E = Kaihael) + K.ihhel) (14.11) 

where Ka and Kij refer to the relevant elastic constants for the two materials. 
For simplicity, we assume that all the elastic constants for both materials 
are identical, so the subscripts of K can be neglected. This is often a good 
approximation for most pseudomorphic structures such as InGaAs/GaAs and 
SiGe/Si. Combining (14.9) and (14.11), and using a = Ke to relate the 
stresses and the strains, the elastic energy can be written as 



(14.12) 



If the strain energy reaches the critical energy Embj misfit dislocations 
will be generated. For conventional structures where the substrate is much 
thicker than the epilayer, the critical thickness for infinite substrates is 
found as 



^MD = 



(14.13) 



Defining ha as the effective critical thickness teff, when E in (14.12) is equal 
to one obtains the dependence of teff on the substrate thickness as 



(14.14) 
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If the substrate is thinner than the critical thickness < ^md), then the 
effective critical thickness cannot be found from (14.14). This means that the 
strain energy in (14.12) is never able to reach the critical strain energy E'md- 
Therefore, infinitely thick pseudomorphic structures can be grown without 
misfit dislocations. Even if the substrate is slightly thicker than ^md a pseu- 
domorphic layer thicker than ^md can still be obtained. The effective critical 
thickness as a function of the substrate thickness is plotted in Fig. 14.5b. 

Besides misfit dislocations, another critical problem for many heteroepi- 
taxial devices is the density of threading dislocations which propagate from 
the interface into the epitaxial layer (see Sect. 2.2). For thick substrates, 
misfit dislocations at the interface always experience a pulling force attract- 
ing them towards the film surface. Consequently, misfit dislocations have a 
tendency to move to the surface as threading dislocations by climbing or slip- 
ping. This is the effect of image force, similar to the image force experienced 
by a charged particle close to a metal boundary. However, if a sufficiently 
thin substrate is used, the image force tends to pull the interface dislocations 
away from the film and into the substrate. This effect can be considered as 
dislocation gettering, similar to the point defect gettering where defects are 
diffused away from the surface layer. The dislocation gettering effect by thin 
substrates has great promise in improving the quality of heteroepitaxy. 

Concluding these considerations one may state that the use of free- 
standing, thin substrates can improve the heteroepitaxial, pseudomorphic 
materials by two effects, the increase of effective critical thickness and the 
gettering of threading dislocations. 

On the way to practical realization of pseudomorphic structures grown on 
free-standing substrates, Teng and Lo [14.24] have suggested, on the basis of 
a dynamic strain analysis of the critical thickness, the use of semiconductor 
membranes as compliant substrates. In the example of the InGaAs/GaAs 
material system they have shown that a membrane should be thinner than 
120 nm for a strain of 1% and can be 1 |Lim thick for a strain of 0.5%. Such 
thicknesses can be achieved by existing semiconductor device technology. The 
practical realization of the pseudomorphic MBE growth on a semiconductor 
membrane has been demonstrated by fabricating first a 80 nm thick compliant 
platform of GaAs and then growing on it an exceedingly thick, high-quality 
pseudomorphic Ino.14Gao.86 As layer. The layer that has been grown on this 
membrane exceeded its usual critical thickness by about 20 times without 
strain relaxation [14.25]. Moreover, X-ray analysis confirmed a shift in the 
InGaAs peaks, indicating an unrelaxed strain of 0.9%, while atomic force 
microscopy prohles verified that the layer grown on a compliant substrate is 
much smoother than the layers grown on ordinary plain substrates. 

An example of a bench-like compliant GaAs platform prepared for MBE 
regrowth with InGaAs pseudomorphic him is shown in Fig. 14.6 [14.25]. 
To create this platform, hrst an MBE sample consisting of a 100 nm thick 
Alo.8Gao.2As layer followed by an 80 nm GaAs layer has been grown on a 
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5 pm 



Fig. 14.6. Schematic illustration of a bench-like compliant GaAs platform prepared 
for MBE regrowth (taken from [14.25]) 



plain standard GaAs substrate. Then photolithography was used to define 
5 iLim-wide stripe patterns that are separated by a center-to-center distance 
of 10 iLtm. Raised mesas were then created by etching through both the 80 nm 
GaAs top layer and the 100 nm AlGaAs layer. After forming the mesas, a 
second layer stripe pattern running perpendicular to the mesa stripes was 
dehned. The bench-like platform illustrated in Fig. 14.6 resulted from selec- 
tively undercutting the unprotected AlGaAs with IHF/ 5 H 2 O etching so- 
lutions. This solution was gently agitated to allow H 2 reaction products to 
escape. The HF solution also enriched and passivated the GaAs surface with 
As, thus preparing the surface for MBE regrowth. 

The idea of using compliant substrates in heteroepitaxial growth has 
received wide attention because of its potential to overcome the serious 
problems related to growing pseudomorphic heterostructures of lattice mis- 
matched materials. This idea, also called “lattice engineered compliant sub- 
strates” [14.26] allows for pseudomorphic growth of any III-V group or 
related semiconductor compound on a universal substrate like Si or GaAs 
[14.27]. It is worth the noticing that MBE growth technique is not the only 
way of creating applications of compliant substrates in heteroepitaxial tech- 
nology. In a report concerning growth of InGaAs multi quantum well struc- 
tures with a lattice mismatch to GaAs compliant substrate equal to 1.5%, 
the MOVPE growth technique was applied with success [14.28]. The compli- 
ant GaAs substrate used in this work consisted of a 3 nm GaAs layer weakly 
bonded on a bulk GaAs substrate with a 22° angle between their [110] axes 
(the fabrication process of such twist-bonded compliant substrates has been 
described and discussed in detail in [14.29]). The basic idea was to have the 
thin seed layer behaving like a free-standing membrane and being sufficiently 
thin to absorb the overall strain energy of a thick deposited mismatched layer 
without generating any structural defects in this layer. 
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Theoretical work devoted to growth on compliant substrates has been 
published recently. A phenomenological mean-field theory is presented in 
[14.30] for the kinetics of strain relaxation due to misfit dislocation gen- 
eration in the strained-layer growth of epitaxial semiconductor films on thin 
compliant substrates. This theory provides a generalized dislocation kinetic 
framework by coupling the mechanics of an epitaxial film on a compliant sub- 
strate with a standard description of plastic deformation dynamics in semi- 
conductor bulk crystals. It has been shown that the theoretical results gained 
with this theory reproduce successfully the experimental data for strain relax- 
ation in the InAs/GaAs(110) heteroepitaxial system (for this heterosystem 
high compressive strain of 6.64% is characteristic). 

At the end of 1999 a new, so-called paramorphic approach to growing high 
quality, fully relaxed heteroepitaxial layers on compliant substrates has been 
demonstrated, in which surface micromachining is involved in the fabrica- 
tion process [14.31]. Thin and thick fully relaxed Ino.65Gao.35As layers have 
been grown on InP substrates (0.81% lattice mismatch) with high structural 
and high optoelectronic quality at an operating wavelength of photodetectors 
of 2.0 pm. Full relaxation has been achieved using the paramorphic ap- 
proach by growing Ino.65Gao.35As layers lattice matched to an InAso.25Po.75 
seed membrane of predetermined lattice parameter. The InAso.25Po.75 layer 
was originally grown pseudomorphically strained on the InP substrate be- 
fore being separated and elastically relaxed using a surface micromachin- 
ing procedure to prepare seed platforms with sizes ranging from 40x40 to 
300x300 pm^. 

14.1.4 Highly Strained Heterostructures 

When the natural lattice mismatch of the heteroepitaxy-pair materials ex- 
ceeds 2%, then the epitaxially grown pseudomorphic structures are usually 
called highly strained heterostructures. Among the III-V semiconductors the 
InxGai_xAs/GaAs(001) system (lattice mismatch ranges from 0 to 7.2%) 
may serve as an example of such sje material system. It is still intensively 
studied for its potential application in both microwave and optoelectronic 
device fabrication [14.9]. The Si/SiGe system, very important for microelec- 
tronic device technology, is the next example with the lattice mismatch which 
may reach 4.17% for the extreme case of the Si/Ge pair [14.32]. Finally, let 
us mention the very important material systems, creating the basis for blue 
optoelectronics namely, the (Ga,Al,In)-nitrides [14.33]. Here, the lattice mis- 
match reaches 3.5% in the case of the AlN/GaN pair. 

One of the characteristic features of the s/e materials with high lat- 
tice mismatch is the strain relaxation mechanism, which in this case occurs 
through generation of 3D islands. Thus, the characteristic layer thickness for 
heteroepitaxy of the highly strained heterostructures is the transition thick- 
ness ^ 3 D . A complete model for strained epitaxial island growth has been given 
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in [14.34]. This model, assuming linear elastic behavior, has been used to an- 
alyze an isolated arc shaped island with elastic properties similar to those of 
the substrate. The finite element analysis performed in this work has shown 
that in order to minimize the total energy, which consists of strain energy, 
surface energy, and film/substrate interface energy, a coherently strained is- 
land will adopt a particular height-to-width aspect ratio that is a function 
of only the island volume. Consequently, for an island with volume greater 
than a certain critical size, the inclusion of a mismatch strain relieving edge 
dislocation is favorable. The proposed criterion for the critical size is based 
on a comparison of the configurational force acting on the edge of the island 
in the presence of an edge dislocation. A finite element calculation combined 
with an analytical treatment of the singular dislocation fields has been used 
to determine the minimum energy island aspect ratio for the dislocated is- 
land/substrate system. 

14.1.5 Surfactant-Mediated Heteroepitaxy 

One of the main goals of current research in the field of highly strained 
heterostructures is to increase the transition thickness ^ 3 d below which the 
layer-by-layer growth can be maintained. A reasonable way to avoid the for- 
mation of 3D islands is to use the kinetic limitations in order to prevent 
the sje system from reaching equilibrium. In other words, this means that 
the mass transport at the substrate surface, and thus the surface diffusion 
length, should be reduced. Usually, the surface diffusion length, which can 
be written as A = \/Dr, where r is the mean residence time of atoms at the 
surface and D is the surface diffusion coefficient, has been reduced through 
the decrease of D by lowering the growth temperature. However, this in turn 
may have a deleterious effect on the device quality of the epitaxially grown 
material. Another approach, which seems to be very promising, is the use of 
surfactants [14.35-39]. 

One of the most frequently grown heterostructure for device application is 
the AjBj A heterostructure, in which material B is embedded in the material 
A. This structure occurs in quantum wells, superlattices and other low di- 
mensional heterostructures (see Sects. 3.1 and 3.2). In growing an embedded 
layer, first a heterolayer must be formed, followed by a capping layer of the 
substrate species. Unfortunately, only one of these two species can have the 
lowest surface free energy of the two. Thus, when growing an embedded layer 
either the growth mode of the heterolayer, or the capping layer will be the 
VW-mode (immediate islanding) [14.37,38]. This is so, because if material 
A wets material 5, B will not wet A. Any attempt at growing an AjBj A 
heterostructure must overcome this fundamental obstacle. 

In their pioneering work concerning this item Copel et al. [ 14.35] proposed 
the use of a surface- active species, the so-called surfactants, to reduce the sur- 
face free energies for A and B and suppress island formation, as demonstrated 
in the growth of Si/Ge/Si(001) with a monolayer of As. The idea was to gain 
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control of growth by manipulation of surface energetics which should pro- 
vide a new avenue to achieve high-quality man-made microstructures against 
thermodynamic odds. 

Theoretical models leading to the relations (12.4) (e.g., Kossel’s model) 
suggest that the growth mode of the epilayer is determined by the free energy 
of the substrate surface the interface free energy Ej^ and the surface 
free energy of the epilayer Ep^ neglecting the strain energy of the film. The 
inequality 

Eg > Ep -h Ej (14.15) 

sets the condition for the epitaxial film to wet the substrate surface. In this 
case the FM-mode of epitaxy may occur. If the inequality has the opposite 
sign, one usually obtains the VW-mode of growth, i.e., no wetting of the 
substrate. The SK-mode of growth generally occurs when there is wetting of 
the substrate but the overlayer’s strain is unfavorable, or when there is the 
added complication of interface mixing (interdiffusion effect) and/or surface 
reconstruction [14.35]. For the case of the heterostructure Si/Ge/Si, Ge grows 
on Si in the SK-mode, and Si grows on both Ge and Ge-on-Si in the VW-mode 
[14.37]. 

A substantial modification of the film growth may be obtained by in- 
troducing a third element which lowers the surface free energy of both Ge 
and Si. In this case, surface segregation of the third element, the surfactant, 
is strongly favored during growth. As a result, islanding of the film will be 
kinetically inhibited. This effect has been achieved in [14.35] through the pas- 
sivation of the Si(OOl) surface with one monolayer of As prior to growth. The 
As atoms of the passivating layer, which contain one extra valence electron 
per surface atom, fill the dangling bonds which normally occur on the clean 
Si(OOl) and Ge(OOl) surfaces, thereby creating a stable termination [14.40]. 
One has to notice that both clean Si(OOl) and As-capped Si(OOl) have (1x2) 
unit cells caused by the formation of Si or As dimers (see Chap. 13). How- 
ever, the difference between growth on the clean and As-capped surfaces is 
not due to the presence or absence of a reconstruction, but to the energeti- 
cally favored filling of dangling bonds. By using the As-passivated surface as 
a stage for epitaxial growth, one is able to alter the growth mode to induce 
wetting of the substrate. Since As segregates to the surface during growth, 
the structure itself incorporates relatively small quantities of As. 

Two possible mechanisms have been proposed in [14.37] for an explana- 
tion of surfactant-mediated heteroepitaxy. The first is a dynamic mechanism 
based on enhanced incorporation of the growth species, while the second is a 
static one, based on the stress of a chemisorbed layer. 

The effect of a surfactant on surface dynamics may be understood on an 
intuitive basis. Since dopants are energetically driven to segregate towards the 
surface, the surfactant will drive, during the growth, any incoming species to a 
subsurface site. Once the species is incorporated into the crystal lattice of the 
growing layer, its mobility is severely diminished. Energy-minimization calcu- 
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lations based on norm-conserving pseudopotentials verify the strong tendency 
of As to segregate. A comparison of (001) slab energies for ... Si/Ge/Si/As 
and . . . Si/Ge/As/Si show a difference of 2.3 eV per dimer favoring the segre- 
gation of As, namely, the . . . Si/Ge/Si/As structure. Likewise, a comparison 
of . . . Si/Ge/As and . . . Si/As/Ge favors As termination (the Si/Ge/As struc- 
ture) by 1.4 eV per dimer [14.37]. In view of such large energy differences, 
it is reasonable to suppose that site exchange between the surfactant and 
the Si or Ge atoms occurs rapidly enough to alter the growth dynamics. In 
fact there is a profound difference between the dynamics of growth with and 
without a surfactant. 

Let us imagine an atom condensing from the vapor phase onto a clean 
surface. In the first moment, or few moments, this atom exists as an isolated 
surface adatom, which is free to migrate until it reaches a step or some other 
defect site. There is, in fact, little to prevent the adatom from moving on the 
substrate surface at the growth temperature. However, in the presence of a 
surfactant atom on the surface, there may be some period during which an 
adatom is quite mobile, but once the adatom becomes incorporated into a site 
underneath the surfactant atom, the diffusion of it becomes strongly reduced. 
The incorporation into a subsurface site may not require the presence of a 
step or a lattice defect, but only a site exchange with the surfactant atom. 

The second mechanism is based on the calculation of the stress of clean 
and chemisorbed (111) Si and Ge surfaces [14.41]. The results are summarized 
in Table 14.1. They show that both clean and Ge-covered Si(lll) surfaces 
involve significant components of compressive stress. On the other hand. As 
chemisorbed surfaces involve even more substantial tensile stress. The origin 
of the tensile stress is, however, not lattice misfit, but the result of the bond- 
angle distortion. 

Experimental measurements of sample bending caused by film growth on 
Si(OOl) confirm the trends predicted in [14.41], supporting the idea that an 
adsorbed layer of group-V atoms may compensate for the stress of a heavily 
compressed Ge film [14.42]. A shortcoming of this mechanism is that it does 

Table 14.1. Stress due to clean and adsorbed surfaces of group-IV semiconductors 
[14.37]. Results for (111) surfaces are from theory [14.41]. Results for Si (001) are 
from experimental work, and represent values relative to the clean surface [14.42] 



Surface 


Stress 


Direction 


Si (111) 


-0.54 


Compressive 


Si (lll)/Ge 


-4.45 


Compressive 


Si (lll)/Ge 


-1.12 


Compressive 


Si (lll)/As 


2.27 


Tensile 


Ge(lll) 


-0.73 


Compressive 


Ge(lll)/As 


2.64 


Tensile 


Si (100)/Ge 


-0.73 


Compressive 


Si (100)/ As 


1.3 


Tensile 
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not predict a change in growth mode, only an increase in the thickness that 
can be achieved before islanding. Therefore, it seems to be reasonable to 
suggest that both mechanisms may assist in surfactant-mediated epitaxy. 

A good test of the importance of surface stress would be to grow in the 
presence of a group-III adlayer, where compressive stress is predicted for 
both the heterolayer and the surfactant. This problem has been addressed 
and extensively discussed in [14.43]. A theoretical analysis for the system 
Ga/Si(lll)/Ge(lll) using mainly thermodynamic arguments has been pre- 
sented there for explaining the role of the column-III surfactant (Ga) in ini- 
tiating a transition from 3D growth mode into 2D mode in Si-on-Ge epitaxy. 
It has been shown that in equilibrium conditions the adsorption of only 1/10 
monolayer of Ga on the Si(lll) surface is enough to initiate this 3D ^ 2D 
transition. 

The reverse problem of Ge-on-Si epitaxy with Ga as a surfactant has been 
investigated in [14.44]. A TEM image of the grown structure has revealed 
that the Ge epilayer consists of two domains. The first, denoted as A- type 
Ge, exhibits the same orientation as the substrate, while the second, denoted 
as B-type Ge, is rotated by 180° with respect to the substrate. This effect 
has been explained by the following argumentation. The key to the nucle- 
ation of both A- and B-type Ge is the bonding structure of Ga atoms. In 
the reconstructed Si(lll)-(6.3x6.3) surface (the substrate for the epitaxial 
growth) the surfactant Ga atoms occupy substitutional sites in the top half 
of the Si double layer (see [14.4]). There, Ga atoms may be bonded either 
to A-type or to B-type Si bonds which gives rise to the nucleation of A- and 
B-type domains of the Ge epilayer [14.44]. 

Growth with surfactants is usually accomplished with MBE [14.45-48]. 
This is a consequence of the indispensable condition for surfactant-mediated 
epitaxy, i.e., the feasibility of a precise control of surface coverage in the 
monolayer range during the growth process. Sb, As and Ga have been found 
to be the elements best suited as surfactants in group-IV elemental and com- 
pound epitaxy, while tellurium acted well as a surfactant in growth of highly 
strained III-V compounds. A lot of papers have been devoted to theoreti- 
cal and experimental studies on surfactant-mediated epitaxy. The reader is 
referred to [14.4] for more detailed information on this subject. 

14.1.6 Heteroepitaxial Lateral Overgrowth 

One of the advantages of epitaxy is that the substrate surface can be given any 
desired crystallographic orientation and any misorientation (off- orientation) . 
Besides, the substrate surface can be chosen planar or non-planar, which 
enables epitaxial crystallization in different directions, e.g., perpendicular or 
lateral in relation to the substrate surface. Moreover, the substrate surface 
can be partially masked, which gives the possibility of growing epitaxially 
only on some selected areas of this surface. 
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10 |xm wide growth window 




substrate 

Fig. 14.7. Schematic illustration of geometry and principle of the ELO growth 
process and the characteristic phenomenon of substrate defect filtration (taken 
from [14.49]) 



Making use of the latter advantage of epitaxy, a very important epitax- 
ial growth technique has been invented, which is known as “epitaxial lateral 
overgrowth” (ELO). The principle of the ELO technique is shown schemat- 
ically in Fig. 14.7 [14.49]. The substrate is covered by a thin Si02 film and 
patterned by conventional photolithography to form on its whole area a grat- 
ing of oxide-free seeding windows. Then, an epitaxial layer is grown on such 
substrate. It nucleates on the seeds and epitaxy proceeds in the direction 
normal to the substrate surface. Next the growth in lateral directions over 
the oxide film starts when the crystallization front exceeds the top surface of 
the oxide. This is partly due to a strong anisotropy in growth rate at fairly 
low growth temperatures [14.50]. 

The key feature of the ELO growth technique is the creation of a buffer 
layer which filtrates defects of the substrate. It is known from many exper- 
iments that dislocations present in the substrate cannot penetrate through 
the polycrystalline Si02 film. Consequently, if dislocations from the substrate 
can penetrate the epilayer, then they will be present in the epilayer only in 
the areas grown vertically over the seeds (see Fig. 14.7). This means, however, 
that a significant reduction of the average density of defects in the epilayer 
can be expected in the parts which grow laterally over the oxide mask stripes. 
Finally, when the horizontal dimension L of the overgrown epilayer becomes 
larger than the width of the growth window, then the structural quality of 
these parts of the epilayer that cover the oxide areas may be extremely high 
(average density of structural defects nearly zero can be expected). It is im- 
portant to notice that for a successful ELO process nucleation of the epilayer 
material on the oxide film must be avoided. 

The ELO technique has been applied with success for growing different 
materials, e.g.. Si, GaAs, GaP, and GaN, by LPE, CVD or MOVPE. Espe- 
cially well suited for ELO is LPE [14.49-53], which enables a precise control 
of the liquid solution supersaturation at the growing interface. Thus, the 
nucleation of the epilayer on the oxide surface can easily be avoided. More- 
over, this also allows to get a high lateral to vertical growth velocity ratio, 
without any polycrystalline growth on the oxide surface [14.52]. ELO may 
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be performed as a homoepitaxial growth process [14.49-51,54], as well as 
a heteroepitaxial process [14.55-57]. In the latter growth mode usually the 
heteroepitaxial substrate (e.g. SiC) is first covered by a standard epitaxial 
process with a thin buffer layer of the heteroepilayer material (e.g. GaN), 
which is subsequently covered by a patterned masking oxide and overgrown 
by homoepitaxial ELO process with the heteroepilayer material (e.g. GaN). 
In this way, the growth of heteroepitaxial (in relation to the thick substrate), 
highly strained epilayers, which are structurally perfect, is possible through 
ELO [14.58] (compare this with the model picture shown in Fig. l.ld). 

ELO has been the main ingredient to the success of the GaN technology 
[14.59]. In order to be more precise, let us discuss the ELO in the case 
of growth of GaN on the GaN(0001)-on-Al203(0001) substrates, according 
to the experimental data given in [14.60]. Selective area growth (SAG) of 
GaN was performed in this work on 1.5 pm thick undoped GaN-on-sapphire 
substrates. A 70 nm thick Si02 layer was deposited as mask material by RE 
sputtering. Patterning of the mask was carried out by laser holography (He- 
Cd laser; 422 nm wavelength) and NH4HF2 etching to form two types of 
line patterned windows; one parallel to the <1100> and the second parallel 
to the <1120> axes of the GaN substrate. The line patterns were aligned 
periodically at 1 pm between. SAG of GaN was performed at atmospheric 
pressure by MOVPE. The source gases were trimethylgallium (TMGa) and 
ammonia (NH3) with hydrogen as the carrier gas. The growth temperature 
was 1070°C, and the growth time was varied from 2 to 30 min. Figure 14.8 
and 14.9 show SEM images of GaN grown on the line patterns along the 
<1120> and along the <1120> directions, respectively. In the first case 
submicron line structures of GaN were obtained with a (0001) facet on the 
top and {1101} facets on the sides at the growth time of 2 min, as shown 
on Fig. 14.8a. The area of the (0001) facet decreased with increasing growth 
time from 2 to 7 min, as shown in Fig. 14.8b. For the further growth time, 
the neighboring submicron line structures of GaN began coalescing with each 
other and at the growth time of 30 min a buried structure of periodically 
aligned Si02 masks overgrown with GaN, namely an ELO GaN layer was 
obtained, as shown in Fig. 14.8c. The surface of the GaN layer is uniform and 
grain boundaries due to the coalescence are not observed. 

In the second case, submicron line structures of GaN with a (0001) facet 
on the top are observed at the growth time of 2 min, but {1101} facets on the 
sides are not clear, as shown in Fig. 14.9a. Because of the lateral overgrowth 
on the Si02 mask the area of the (0001) facet increases at the growth time 
from 2 to 7 min, as shown in Fig. 14.9b. For the further growth time, the 
neighboring submicron line structures of GaN coalesce and an ELO GaN 
layer was obtained at the growth time of 30 min, as shown in Fig. 14.8c. 

The process of the lateral overgrowth in the described cases is illustrated 
schematically in Fig. 14.10. The area of the (0001) facet on the top of the GaN 
line structures grown on the <1120> line pattern decreased with increasing 
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Fig. 14.8. Schematic ihustration as well as top and cross-sectional SEM images of 
GaN grown on the <1120> line pattern at the growth times of 2 min (a), 7 min (b) 
and 30 min (c) (taken from [14.60]) 
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Fig. 14.9. Schematic illustration as well as top and cross-sectional SEM images of 
GaN grown on the <1100> line pattern at the growth times of 2 min (a), 7 min (b) 
and 30 min (c) (taken from [14.60]) 
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Fig. 14.1Ch Schematic_illustrations indicating the differences in the ELO process 
on the <1120> and <1100> line patterns (taken from [14.60]) 



time of the growth from 2 to 7 min, but that on the <1100> line pattern 
increased. On the <1120> line pattern, the growth rate towards the <0001> 
direction (105.8 nm min“^) is faster than that towards the <1100> direction 
(56.8 nm min“^), resulting in the structures which are covered with {1101} 
facets. On the other hand, on the line pattern <1100>, the growth rate 
towards the <0001> direction (33.4 nm min”^) is slower than that towards 
the <1120> direction (76.8 nm min“^), resulting in the (0001) facet on the top 
and non-singular surfaces on the sides. Consequently the ELO GaN layer with 
a smooth surface is completed earlier when grown in the <1120> direction on 
the <1100> line pattern than in the <1100> direction on the <1120> pattern. 
In addition, since the line pitch is less than 1 |iim, the ELO layer can be easily 
obtained at less than 15 min. Cross-sectional TEM investigations on the ELO 
GaN structures described above showed the effective dislocation filtering in 
the GaN layers, occurring through the ELO growth process [14.60]. 

The ELO growth technique has led to a considerable breakthrough in 
the technology of blue and UV laser diodes based on GaN and related com- 
pounds [14.61]. The sophisticated structure of the InGaN multiquantum well 
laser diode, with modulation doped strained-layer superlattices as cladding 
layers, grown on ELO GaN substrates is shown in a schematic illustration 
in Fig. 14.11. This laser emits violet radiation of 401.4 nm wavelength under 
room temperature continuous wave single mode operation at an optimized 
supplying current. 
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Fig. 14.11. Schematic illustration of the structure of the InGaN multiquantum 
well laser diode with modulation doped strained- layer superlattice cladding layers 
grown on an ELO GaN substrate (taken from [14.61]) 



It has also been demonstrated that the same good structural quality of the 
ELO GaN can be grown in a single step MOVPE process (single temperature 
and single nucleation step, without growing first on the sapphire substrate 
a GaN buffer layer by standard epitaxial process) when instead of the Si02 
oxide, Si 3 N 4 nitride is used for the mask layer [14.56]. In this case the ELO 
process is initiated directly on the sapphire (or SiC) substrate masked with 
the nitride. The nitride mask material is preferred for this process since the 
AlGaN used in the nucleation step does not grow on the masked surface 
unlike the more commonly used Si02 mask [14.62]. 

The one step ELO process was carried out in a MOVPE reactor at a fixed 
susceptor temperature of 1040°C with hydrogen and ammonia mixtures as 
the carrier gas at a pressure of 76torr [14.62]. The 6H-SiC and sapphire 
substrates were directly coated with a 70 nm thick Si 3 N 4 film using plasma 
enhanced CVD. This masking layer was then patterned using standard pho- 
tolithographic techniques in arrays of stripes consisting of 2 pm openings, on 
a 12 pm pitch. The AlGaN nucleation layer is first deposited to a thickness of 
roughly 200 nm. This layer is necessary for smooth growth in the mask open- 
ings. The V /III group element flux ratio was doubled to 1800 during the GaN 
growth as the lateral growth rate is reported to increase with ammonia flow. 
Flow modulation is accomplished by rotating the wafers through a group III 
TEGa and TMAl rich growth zone resulting in roughly 25% duty cycle, while 
a background of ammonia is supplied for the remaining rotation period. A 
minimal A1 content {x < 0.3) in the AlxGai_xN is required for successful nu- 
cleation, and differs slightly between SiC and sapphire substrates [14.63]. A 
schematic illustration of the structures produced with the described process 
is presented in Fig. 14.12. 
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Fig. 14.12. Schematic illustration 
of the single step ELO process, 
with an AlGaN nucleation layer of 
composition x = 0.15 and thickness 
of 200 nm. This illustration shows 
the process from nucleation to pla- 
narization of the ELO GaN layer 
(taken from [14.64]) 
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Fig. 14.13. ELO structures formed by direct growth on a patterned SiC substrate 
using a single step nucleation process (a), compared to conventional regrowth tech- 
nique on a GaN/SiC substrate (b) (taken from [14.56]) 



When optimal nucleation conditions are met, atomically smooth AlGaN 
growth occurs within the first several tenths of nanometers across the entire 
window opening, providing the needed crystalline structure for subsequent 
GaN deposition. The GaN growth then continues both laterally and vertically 
retaining the original trapezoidal shape with a vertical to lateral growth rate 
of around 1:1.5. Figure 14.13a shows a SEM micrograph of the GaN/ AlGaN 
ELO structure directly on patterned 6H-SiC, with growth suspended after de- 
position of roughly 2 |Lim of GaN in the vertical direction. The atomically flat 
(0001) surfaces are still present, along with the irregular <1101> sidewalls. 
For comparison, a GaN homoepitaxial lateral overgrowth sample deposited 
on similar 6H-SiC substrate is shown in Fig. 14.13b. One may recognize that 
the growth features are nearly identical. 
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14.1.7 Hard Heteroepitaxy 

Hard heteroepitaxy means growth of a solid film on a single crystalline sub- 
strate differing strongly from the film in at least one of the following pa- 
rameters: lattice constant, crystal structure, and (or) nature of the chemical 
bonds [14.65]. The crystallographic orientation of the epilayer cannot easily 
be predicted in the case of hard heteroepitaxy, nor can simple solutions be 
given a priori to problems which arise usually in this case. Let us mention 
only two such problems as examples: 

(i) How can one get a certain surface orientation by choosing suitable 
growth conditions if different surface orientations may grow, as for 
instance in the case of the CdTe/GaAs(100) interface [14.66]? 

(ii) What is the volume fraction of each of the orientations occurring in 
the epitaxial film if different orientations grow simultaneously [14.67]? 

Obviously, when one has to grow high-quality heterostructures of a material 
system which grows by hard heteroepitaxy, then these and related problems 
should be solved first for each of the materials that has to be grown [14.68]. 

One of the crucial problems in hard heteroepitaxy is the concept of lattice 
match for any pair of crystal lattices in any given crystal direction, allowing 
for a periodic reconstruction of the interface of the grown heterostructure. 
This problem was addressed in the pioneering work of Zur and McGill [14.69], 
in 1984. 

The main idea of these authors was to compare the interface translational 
symmetry with that of the bulk materials on both sides of the interface, 
instead of comparing the bulk lattice constants. For systems which grow by 
hard heteroepitaxy the old lattice match criterion based on comparison of 
bulk lattice constants is no longer applicable. According to the definition 
more relevant to hard heteroepitaxy: “two lattices are crystallographically 
matched if the interface translational symmetry could be compatible with 
the symmetry on both sides of the interface, to within a given precision” . 

To clarify this point, let us refer to Fig. 14.14 which shows the two- 
dimensional translations parallel to the (101) face of rhombohedral AI2O3 
(or (1102) in the more common hexagonal notation) and the (111) face of 
face centered cubic (fee) silicon. The lattice parameters of AI2O3 are Urh = 
5.1286 A and a = 55° 17.36' [14.69]. Its (101) face has a two-dimensional 
(2D) rectangular symmetry with unit cell edges 

2asin(o;/2) = 4.759 A by a = 5. 129 A. 

The (111) face of the silicon forms a 120° rhombic grid, with edges of 
y/lj2a = 3.840 A. 

These two-dimensional lattices are depicted by the fine line grids in Fig. 14.14. 
One can now form superlattices by taking larger unit cells. If one takes 21 
sapphire unit cells and 40 silicon unit cells in the manner seen in Fig. 14.14, 




414 



14. Heteroepitaxy; Growth Phenomena 



Silicon (1 II) on Sapphire (101) 




Fig. 14.14. Lattice translations parallel 
to the Si (111) and sapphire (101) faces. 
A cell made of 21 sapphire unite cells has 
almost exactly the same dimensions as a 
cell made of 40 silicon unit cells. Sapphire 
is rhombohedral with a = 5.129 A and a = 
55°17^ Silicon is face-centered cubic with 
a = 5.431 A (taken from [14.69]) 



then very similar superlattice cells are obtained. The silicon superlattice cell 
is also rectangular, with edges of 

15.361 A by 33.258A. 

The mismatch in each direction is about 0 . 2 %. One can see that the AI 2 O 3 
[ 001 ] direction ([ 1101 ] in the hexagonal notation) is parallel to one of the 
three equivalent Si [ 011 ], [101], [ 110 ] directions. 

The described example of lattice matching in the silicon-on-sapphire het- 
erostructure may serve as an illustration confirming the fact that there are 
some possible orientations of the interface that match to within high preci- 
sion [14.69]. Lattice match in this context means that the two-dimensional 
interface possesses translational symmetry that is compatible with that of the 
bulk on both sides of the interface. Such compatibility enables local struc- 
tures of the interface to repeat themselves periodically over large distances. It 
should be stressed, however, that the effect of lattice mismatch is secondary 
in its importance for heteroepitaxy, in comparison to the chemistry of the 
interface, which will always play the major role as far as epitaxial growth is 
concerned. 

As one may conclude from the previous example, the lattice match is 
characterized by two parameters: the precision of the match and the min- 
imal unit cell area. The common superlattice unit cell in Fig. 14.14 has a 
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mismatch of at most 0.2% in both lateral dimensions and the angle between 
them. The superlattice unit cell area is 511 A^. This cell is the smallest pos- 
sible one that will enable a mismatch of less than 1% in the unit cell sides 
and angle. One can recognize that there is a trade-off between the precision 
of a match and the size of the superlattice cells. The larger the size of the 
interface unit cell, the less likely it is that the chemical forces will reinforce 
the lattice match condition. The precision of the match gives the lower bound 
to changes in lateral interatomic distances, while the common unit cell area 
should be limited to a value that is reasonable for interfacial periodic recon- 
struction. For example, limits of 1% on the match precision and 600 on 
the common unit cell area are sufficient to reproduce the experimental re- 
sults of CdTe(lll)/GaAs(100) [14.66] and CdTe(lll)/Al 203 [14.70]. With 
the match precision and the common superlattice unit cell area taken as pa- 
rameters, the problem of lattice match in hard heteroepitaxy is well defined 
[14.69]. 

14.2 Artificial Epitaxy (Graphoepitaxy) 

Artificial epitaxy, hereafter called graphoepitaxy, is a growth process of ori- 
ented crystalline films on a substrate of different chemical composition, which 
is amorphous rather than a crystalline body [14.71]. In graphoepitaxy, the 
orienting influence on the growth of an epilayer on the substrate can be 
determined by various factors (forces) distinctive of the crystalline lattice. 
These factors of different possible nature, e.g., geometrical, mechanical, ther- 
mal, chemical or electrical, and their actions on the growth of the film can 
manifest themselves in both static and dynamic conditions. All these specific 
features of graphoepitaxy are in contrast to the usual heteroepitaxy. Despite 
this, and despite the fact that graphoepitaxy is based on macroscopic factors 
(macrosteps, macroparticles, etc.) while the usual heteroepitaxy is based on 
microscopic factors (monoatomic steps, atoms, etc.), the two mentioned crys- 
tal growth phenomena have much in common. This results from two facts. 
First, during the film growth process they can act simultaneously, and second, 
their mechanisms can sometimes have the same nature. 

Graphoepitaxy has important practical value as an approach to prepa- 
ration of well oriented films of various materials on arbitrary substrates like 
amorphous, ceramic or poly crystalline solids. This makes graphoepitaxy in- 
teresting for many applications in microelectronics, micromechanics, optics 
and optoelectronics [14.72]. 

Sheftal and Bouzynin [14.73] were the first researchers who succeeded in 
obtaining graphoepitaxial growth. In their experiments, two kinds of surface 
relief were made on glass plates used as substrates for oriented film growth. 
In the first case, two sets of parallel gratings were crossed at an angle of 
90° forming a four- fold symmetrical relief. In the second case, the gratings 
crossed under 60° forming a three-fold symmetrical relief. These two surface 
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reliefs correspond to two characteristic equilibrium faces, {100} and {HI}, 
of the material to be grown i.e., to a cubo-octahedron. 

As the results of the performed experiments, ammonium iodide (NH4I) 
crystallites were deposited onto the substrates from an aqueous solution. 
However, different kinds of deposition were observed with the different- 
symmetry surface reliefs; both, however, demonstrated the effect of grapho- 
epitaxy. 

14.2.1 General Principles of Graphoepitaxy 

Pattern symmetry, sidewall angles of cells and surface relief topology are the 
main points of the crystallographic principles of graphoepitaxy [14.71]. Let 
us begin our considerations on graphoepitaxy with the pattern symmetry 
problem. 

The starting criterion for an optimal choice of the orienting relief on the 
substrate surface is the lattice symmetry of the material to be crystallized. 
Depending on the type of lattice of the crystal to be grown, different growth 
shapes, e.g., flat, stepped or kinked, occur in graphoepitaxy. 

Figure 14.15 shows two kinds of surface patterns, both having three-fold 
symmetry (this means that they can be self- aligned when rotated by 120°) 
and the one shown in Fig. 14.15a, having, in addition, six- fold symmetry. 
Such patterns are, in general, appropriate for graphoepitaxy of silicon and 
germanium, the crystallites of which are preferentially bounded by {111} 
faces. In Fig. 14.15a triangular cells (depressions) are separated by linear 
projections, whereas those in Fig. 14.15b are separated by trigonal prisms 
(shown as black triangles) . A principal difference between these two patterns 
is that the first leads to twinned growth (the crystallites in twin positions 
are schematically shown as shaded triangles), whereas the second one allows 
us, in principle, to avoid such a defective growth. Consequently, the relief 
shown in Fig. 14.15b is preferable, if single crystalline films have to be grown 
by graphoepitaxy. 




Fig. 14.15. Examples of microrelief suitable for graphoepitaxy of materials crys- 
tallizing in diamond-like, sphalerite, some other cubic, as well as wurtzite and hep 
lattices (taken from [14.71]) 
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Fig. 14.16. Four-fold (a) and six-fold (b) symmetry surface reliefs. The relief (a) is 
appropriate for graphoepitaxy of materials that crystallize in the NaCl-type lattice 
(cubic habit), while relief (b) is for materials with hexagonal-type lattices (taken 
from [14.71]) 



Let us now consider four-fold and six-fold symmetrical reliefs shown in 
Fig. 14.16. The relief shown in Fig. 14.16a is evidently appropriate for mate- 
rials that crystallize in the NaCl-type lattice and, accordingly, exhibit cubic 
habit. This relief is also suitable for materials characterized by its “relative” 
two- fold symmetry. The six- fold symmetrical relief shown in Fig. 14.16b is 
suitable for materials with hexagonal-type lattices; however, also the three- 
fold symmetrical relief shown in Fig. 14.15b should be effective for oriented 
growth of these materials because three-fold and six-fold symmetries are “rel- 
atives” in the crystallographic sense. 

The next factor, which influences substantially the growth process of 
graphoepitaxy, i.e., the alignment of microcrystals within the surface mi- 
crorelief, is connected with sidewall angles of the surface relief cells. When 
showing the various pattern symmetries in Figs. 14.15 and 14.16, it was im- 
plied that the sidewalls are vertical, i.e., that they form an angle of 90° with 
the plane of the substrate. In fact, however, it is difficult to prepare a re- 
lief with absolutely vertical sidewalls. On the other hand, in some cases it is 
advantageous to have non vertical walls of the relief cells. 

For graphoepitaxy of materials crystallizing in cubic (e.g., NaCl) or tetrag- 
onal (e.g., Sn) growth shapes, vertical walls are evidently preferable. The same 
is true for materials with hexagonal- type lattices (e.g., CdS, ZnO) when they 
are deposited in the basal orientation. However, for crystallites with octahe- 
dral growth shapes (e.g.. Si, Ge, GaAs, ZnSe), the best alignment is achieved 
when the walls are at the crystallographic angle of 70° 32' or 109° 28' to 
the substrate plane (these are the typical angles between two adjacent {111} 
faces in cubic lattices). Similarly, other crystallographic angles are appropri- 
ate for other growth shapes (i.e., for other combinations of adjacent faces). It 
is worth mentioning that it is difficult in practice to provide such exact (crys- 
tallographic) values of the angles, but fortunately, even angles that deviate 
markedly from these can be effective for graphoepitaxy [14.71]. 
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Let us conclude the considerations on general principles of graphoepitaxy 
with the problem of topology of the surface relief. The topology of the relief is 
created by the sizes of the relief elements (cells or grooves) in the horizontal 
and vertical directions and by the spacing between them. 

It is evident, in general, that there exists an upper limit for the horizontal 
size of the relief elements, which depends on the kind of the crystallization 
phase, on the growth temperature and other factors. For example, the higher 
the growth temperature and the higher the mobility of the crystallization 
phase particles involved in the growth process, the larger the horizontal sizes 
of the relief elements. On the other hand, the vertical size of the cells or 
grooves, i.e. the height of steps in the relief, should be optimized taking into 
account tentative applications of the films. For example, microrelief that is 
too deep is undesirable for microelectronic applications of the film, since the 
planarity of the structures to be grown can be destroyed. On the other hand, 
rather deep grooves could be desirable for applications such as waveguides. 

It is clear that there is a minimum step height required to induce orien- 
tation; the smaller the horizontal sizes, the lower the height [14.71]. Klykov 
and Sheftal. [14.74] used, for example, steps up to 1 |Lim in height for cell 
sizes of 10-20 pm and succeeded in preparing fairly perfect single crystalline 
Si films, whereas a 0.1 pm height was sufficient to achieve orientation effects 
with a 3.8 pm spatial period of the relief [14.75]. 

Spacing between relief elements is an element of topology, for which no 
clear dependencies have been established. From a general point of view, the 
spacing is larger for materials which tend to form plate- type crystallites (e.g., 
those having the wurtzite lattice, such as CdS, or having a layered internal 
structure, such as GaS or MoSe 2 ). 

Concluding the discussion on principles of graphoepitaxy, it should be em- 
phasized that these principles formulate only the general conditions necessary 
for oriented crystallization on amorphous substrates. In particular cases, for 
different material systems and growth techniques, definite optimal conditions 
should be defined by experiment, however, taking as the basis the presented 
general principles [14.71]. 

14.2.2 Growth Mechanisms in Graphoepitaxy 

The key issue in crystallization phenomena is the answer to the question: 
“How is a crystal, that has to be grown, formed in the growth process?” 
As applied to graphoepitaxy this question should be reformulated as follows: 
“What are the orientation mechanisms in the growth process?” 

On the basis of current knowledge at least four different mechanisms of 
orientation of crystals in the film growing by graphoepitaxy should be dis- 
tinguished. These are: 

(i) topographic relief depending on orientation, 

(ii) orientation caused by capillary forces. 
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(iii) oriented growth in directional crystallization, and 

(iv) orientation related to anisotropic deformation. 

In the graphoepitaxy growth process, these mechanisms can operate both 
separately and simultaneously. 

The orientation by topographic relief assumes the incorporation of crys- 
tallites into a macroscopic kink or step. This is, in fact, a generalization of the 
classical molecular-kinetic crystal growth mechanism by Kossel and Stranski 
(see Sect. 12.1.1). Therefore, it is sometimes called the “macroscopic Kossel- 
Stranski mechanism” [14.71]. 

In the case of classical crystal growth (see Fig. 12.1) minimal particles 
(atoms or molecules) are attached to elementary kinks or steps of monatomic 
or monomolecular height. In the case of graphoepitaxy, “macroscopic” kinks 
and steps are formed on the substrate surface by the surface relief, their 
heights (usually 0.1 -0.5 pm) being about 10^ times larger than that of the 
elementary steps. In addition, there is no relationship between the heights 
(and other sizes) of the crystallites and those of the macrokinks or macrosteps. 
However, both the microscopic (classical) and the macroscopic (relevant to 
graphoepitaxy) growth mechanisms are based on the principle of energy gain 
from the attachment of the depositing particles (atoms or molecules in the 
former case, and crystallites in the latter case) to the elements of the relief 
on the substrate/crystal surface. 

Crystallites deposited in graphoepitaxy are often bound by faces of the 
relief that are not strictly flat. Nevertheless, if a crystallite is incorporated 
into a carefully prepared microrelief, a certain (usually rather large) gain in 
the free energy of the substrate-crystallite system will occur in comparison 
with the case in which the crystallite takes an arbitrary position on the 
substrate surface, e.g., on its flat areas. Moreover, in real systems any medium 
constituents, including substrate impurities, can effectively accommodate the 
contact between the substrate and the crystallite by forming an intermediate 
sublayer, e.g., a liquid-like sublayer [14.71]. 

The graphoepitaxy mechanism based on orientation caused by capillary 
forces has been proposed by Klykov et al. [14.74-76] and experimentally 
demonstrated for Si crystallites. According to the symmetry of Si, a microre- 
lief similar to that depicted in Fig. 14.15b was used in the experiments. The 
experimental results have shown that growth of the Si film from a solution 
proceeds via formation of crystallites that can float on the surface of the so- 
lution. These crystallites nucleated within the solution or at the liquid- vapor 
interface. Once they are formed, the Archimedes force will lead to their float- 
ing provided they are larger than about 1 pm. Owing to the good wetting of 
both the crystallites and the cell sidewalls, the liquid in the cell forms a menis- 
cus between the crystallite and the sidewalls. If the crystallite approaches a 
sidewall, the meniscus is deformed, and a restoring force arises; as a result, 
the crystallite is repelled from the sidewall, i.e., some inclination stabilization 
takes place. Azimuthal stabilization operates in a similar manner. 




420 



14. Heteroepitaxy; Growth Phenomena 



One may conclude that the capillary mechanism is a version of the to- 
pographic one; the meniscus can be formed only in a cell having walls, i.e., 
topographic elements. A principal difference between these two orientation 
mechanisms is that, here, in the capillary mechanism, no direct contact of the 
crystallites with the sidewalls of the cells is necessary. The orientation action 
of the microrelief is transferred via an intermediate material (the liquid phase) 
by means of capillary forces. It is however clear that when at a later stage of 
the growth process the growing crystallite reaches the sidewalls, some direct 
interaction with them is possible, so that the two orientation mechanisms (to- 
pographic and capillarity) can operate either simultaneously or consecutively. 
In this respect, graphoepitaxy of proteins could be representative [14.71]. 

The next mechanism of orientation of crystallites in graphoepitaxy is 
based on periodic thermal relief effects occurring in directional crystalliza- 
tion. These effects occur, for example, also in zone-melting recrystallization 
(ZMR) of thin films. ZMR represents directional crystallization and in par- 
ticular, directional solidification of the melt [14.77]. The most prominent 
feature of ZMR films is the formation of subboundaries that are elongated in 
the direction of thermal zone propagation [14.76]. Typical distances between 
the subboundaries, i.e., widths of the corresponding grains, vary from several 
pm to about 100 |iun. An example of the morphology of ZMR Si film grown on 
oxidized Si (an amorphous substrate) is shown in Fig. 14.17. The subgrains 
usually propagate from the surface of the film down to the amorphous sub- 
strate. When the thermal zone moves, new subgrains are often nucleated, or 
some neighboring subgrains are merged (coalesced). Misorientations between 
neighboring subgrains are usually about 1°. 




Fig. 14.17. SEM image (taken by a back-scattering mode of observation) of the 
morphology of ZMR Si film grown on an oxidized Si surface. Subboundaries are 
seen as a line structure. The thermal zone moved from left to right. Note the dark 
spots on the lines depicting the subboundaries (taken from [14.71]) 
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The last growth mechanism which has been mentioned above is the ori- 
entation process caused by anisotropic deformations. It occurs when a poly- 
crystalline film of the material to be grown epitaxially is deposited on an 
amorphous substrate and then annealed by laser irradiation performed in a 
special way. The laser beam passes through a mask with a crystallograph- 
ically symmetrical black and white pattern (e.g., squares or triangles) and 
is focused onto the substrate, forming there an inhomogeneous, symmetri- 
cal temperature field. Such laser annealing up to complete melting of the 
film causes oriented growth of crystallites. It is important that, depending 
on the symmetry of the pattern, the grown films have different orientations. 
For example, in the case of the square pattern (four- fold symmetry axis), the 
films are of (100) orientation, while in the case of triangles (three- fold sym- 
metry axis), they are of (111) orientation, as it should be in graphoepitaxy. 
These results can be ascribed to anisotropic mechanical strains to which the 
crystallites were subjected in the film during annealing. 

Concluding the considerations on graphoepitaxy let us make the following 
statement [14.71]. “Graphoepitaxy is important, not only for crystal growth 
physics but also for application purposes.” At least two areas of application of 
graphoepitaxy can be indicated at present: (a) technology of multilayer struc- 
tures used in 3D microelectronics, where single crystalline (or at least highly 
ordered) films of active materials with different properties are separated by 
amorphous, passive intermediates, and (b) the emerging field of bioelectron- 
ics where strongly dissimilar materials (biological, metallic, semiconducting, 
etc.) are arranged on the same substrate. 




15. Material- Related Problems 
of Heteroepitaxy 



The basis for discussion of material-related problems of heteroepitaxy may 
be defined by the relevant criteria, according to which these problems can 
be identified. One way of formulating these criteria is connected with the 
conceptual tools required for formal description of epitaxy (Chaps. 11-13), 
i.e., thermodynamics of phase transitions, fiuid dynamics of mass transport, 
statistical mechanics of crystal growth, and quantum mechanics of chemical 
bond formation. Each of these approaches, when applied to heteroepitaxy, 
leads to different material-related problems. Consequently, the general dis- 
cussion concerning the subject of material-related problems of heteroepitaxy 
is an enormous task, exceeding the framework of this book. 

In order to be sufficiently concise in our presentation, we have to limit 
substantially the scope of the discussion, taking into consideration only these 
problems which influence the process of heteroepitaxy in the strongest way. 
Thus, the basic criterion we have chosen here for the discussion of the 
material-related problems, is the dependence of the initial stages of epitaxial 
growth processes (Sect. 11.4) on the materials to be grown by heteroepitaxy. 
In this discussion, references will be made to the excellent reviews published 
in vol. 8 of the series: The Chemical Physics of Solid Surfaces edited by King 
and Woodruff [15.1]. 



15.1 Material Systems Crystallizing 
by the Fundamental Growth Modes 

As already described in Sect. 1.2, one can distinguish five fundamental growth 
modes in epitaxial crystallization. These are: layer-by-layer or FM (Frank- 
van der Merwe) mode, layer-plus-island or SK (Stranski-Krastanov) mode, 
island or VW (Volmer-Weber) mode, columnar or CG mode, and step flow 
or SF mode. Among them, the first three modes occur most frequently in 
heteroepitaxy, especially when the growth proceeds on flat surfaces. Accord- 
ingly, we will limit our considerations in this section only to these three 
growth modes. 

The possibility of occurence of a definite mode in the growth process 
depends on the relation between the surface energies of the substrate and the 
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epilayer (Sect. 11.4). These relations are, however, strongly dependent on the 
physico-chemical properties of the materials that create the heterostructure 
pair, i.e. the substrate-epilayer pair. Consequently, one may expect that for 
some materials, only one growth mode can occur in heteroepitaxy. Let us 
consider a few examples, illustrating this anticipation. 

15.1.1 Growth by the Island Mode 

Extended reviews on this subject have been published by Venables et al. 
[15.2-4] with emphasis put on growth of noble metals, Ag, Au and Pd, on 
alkali halides and oxides. For silver and gold grown on a NaCl (100) surface, 
the adsorption energy Ea of the atoms is in the range of 0.5- 0.9 eV, with 
the Au values somewhat higher than the Ag values, and errors for particular 
deposit-substrate combination being <0.1 eV. Taking into consideration that 
the binding energies of pairs of Ag or Au atoms in free space have the values 
1.65 ± 0.06 eV and 2.29 ± 0.02 eV, respectively, one may conclude that these 
metals grow in heteroepitaxy on a NaCl(lOO) surface only by the island mode. 
The Ag or Au adatoms re-evaporate readily above room temperature from the 
substrate surface however, when they meet another adatom on this surface, 
they form a stable nucleus which then grows further by adatom capture 
[15.2], 

Another experiment on metal heteroepitaxy on the NaCl (100) substrate 
concerns the growth of binary alloy pairs, formed from Ag, Au and Pd. It has 
been shown [15.5,6] that atoms with higher value of the adsorption energy 
Ea^ namely Au in the AgAu alloy or Pd in the PdAg and PdAu alloys, form on 
the substrate surface nuclei preferentially, and the composition of the growing 
alloy film is initially enriched in the element which is most strongly bound 
to the substrate. The composition approaches that of the sources, i.e., the 
composition in the atomic beams impinging from the evaporation sources of 
the alloys onto the substrate, only at longer times. Again the alloy crystallizes 
on the substrate surface by the island mode, because the measured adsorption 
energies of the constituent elements, equal to 0.41 eV for Ag, 0.49 eV for Au 
and 0.78 eV for Pd [15.2,5,6] are considerably less than the binding energies 
between atoms creating the epitaxial nuclei. 

Let us now discuss an example of Pd heteroepitaxy on an oxide substrate, 
namely on MgO [ 15.7, 8] . This growth system is of interest as a model catalyst 
for CO molecules interacting with the grown Pd islands [15.2]. To make 
the subject quantitative, the shapes and size distributions were determined 
experimentally, as shown in Fig. 15.1. The Pd particles have (100) top faces, 
with different amounts of (111) and (110) inclined faces in contrast with 
the substrate. The nucleation density around 3 x 10^^ cm“^ is typical for 
deposition at the temperature of 150-200°C, and the size distribution is 
characteristic of complete condensation, plus a small amount of coalescence. 
Surface diffusion around the islands is sufficient to form a polyhedral shape, 
but is low enough that the coalesced islands remain elongated. 
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Fig. 15.1. Heteroepitaxial Pd islands grown on MgO: (a) TEM overview of the 
islands after some coalescence has occurred; (b) higher magnification view of Pd 
islands with different shapes numbered 1-3; (c) transmission diffraction pattern, 
giving the epitaxial orientation of all such islands; (d) size distribution histogram, 
nucleation density and other quantities derived from (b) (taken from [15.7]) 



When the adsorption energy Ea is small, the adatom concentration 
can be extremely small, even at moderate growth temperature. In this situ- 
ation, nucleation during heteroepitaxy is a very unlikely event on atomically 
smooth terraces on the substrate. In such cases, nucleation at defect sites is 
likely to be dominant. Several examples of nucleation on defects have been 
demonstrated in the literature, for example Au deposited on mica, MgO, 
AI 2 O 3 and graphite, as well as many examples of metals grown on alkali 
halides [15.2]. 

15.1.2 Growth by the Layer- by-Layer Mode 

The opposite case to island growth mode is the layer-by-layer mode. It occurs 
usually when on a smooth substrate surface 2D island nucleation is preferable 
to 3D nucleation. This mode of crystallization is usually met in homoepitaxy 
for different materials. In the case of heteroepitaxy some special requirements 
concerning the growth conditions have to be fulfilled in order to obtain this 
growth mode. The FM mode is often observed when metal layers grow on 
metal substrates [15.9]; however, it occurs for other material systems, as well. 

In order to obtain the layer-by-layer growth, the surface energy of the 
epilayer to be grown must be less than that of the substrate surface. In 
addition, the lattice misfit should be small; it has to be smaller if the surface 
energy difference between the layer and the substrate is smaller. 

For example, for metal-on- metal heteroepitaxy, the refractory metals W 
and Mo, with their high surface energies, are favorable as substrates for layer- 
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by-layer growth. However, in this case two limiting situations have to be 
considered, namely, low temperature and the high temperature growth (or 
annealing). At low temperatures, diffusion limitations and high 2D nucleation 
rates lead to quasi-FM growth, i.e., layer growth with small grains and many 
multipositioning grain boundaries [15.9]. At high temperatures, misfit stress 
makes 2D growth energetically unfavorable above one or several monolayers; 
moreover, the high mobility leads then to 3D crystals on top of the 2D initial 
layer; the FM mode goes over into the SK mode. This means that for the FM 
mode to occur in the metal-on-metal heteroepitaxy, a definite temperature 
window exists. 

Interesting material systems which can be grown by the FM or quasi- 
FM mode in heteroepitaxy are thin metal films grown on semiconductor 
substrates. Metals always grow on semiconductors by the layer-plus- island 
(SK) mode [15.9]; however, FM or quasi-FM growth can be obtained for 
these material systems when the growth process is performed at very low 
temperatures and is assisted with surfactants (Sect. 14.1.5) or interfactants 
(interface active species) [15.10]. For example, Jalochowski et al. [15.11,12] 
demonstrated the FM growth of Pb films at temperatures of 16-llOK onto 
a Si(lll) surface, precovered with an Au monolayer. They could measure 
RHEED and resistivity oscillations with a one monolayer periodicity caused 
by the periodic variation of the surface roughness of the Pb epilayer dur- 
ing monolayer-by-monolayer growth. The RHEED specular beam intensity 
oscillations during the growth of Pb on Si(lll) surfaces at low temperatures 
are shown in Fig. 15.2. 

At low temperatures, Au and Ag are so effective as interfactants that 
continuous epitaxial Pb films can be grown by the FM mode from the very 
beginning. Regular RHEED specular beam intensity oscillations, recorded 
during growth on the Si(lll)-(6x6) Au surface at 16 K, start independent of 
the deposition rate over a wide range already at the first monolayer (Fig. 15.2, 
left panels). Those on the Si(lll)-(7x7) uncovered substrate surface do not 
set in until the initial amorphous layer, whose thickness depends upon tem- 
perature, has crystallized into an epitaxial layer (asterisk in Fig. 15.2, right 
panels). The layers grow with perfect orientation show high electrical con- 
ductivity exhibiting so-called quantum size effects [15.13]. One may conclude 
from the described experimental results that epitaxial layers growing in the 
FM mode can be obtained even for materials which tend to grow in the SK 
or in the VW modes by making full use of the present understanding of the 
epitaxial growth phenomenon. 



15.1.3 Growth by the Layer-Plus-Island Mode 

Many combinations of heteroepitaxial material pairs grow by the layer-plus- 
island (SK) mode, including metals, semiconductors, gases condensed on sub- 
strate surfaces, and others [15.2]. In fact, this is the most widespread growth 
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Fig. 15.2. RHEED specular beam intensity oscillations during heteroepitaxy of Pb 
on Si(lll)-(6x6) Au (left panels) and on Si(lll)-(7 x7) (right panels) at low tem- 
peratures. Electron energy 15 keV, glancing angle of incidence 0.3° in Pb azimuth 
[112] (taken from [15.13]) 

mode in heteroepitaxy. For the discussion of the material-related problems 
concerning this mode, let us select only some arbitrary examples. 

We will start with the silver-on-metal growth systems in which W(llO) 
[15.14], Fe(llO) [15.15, 16], and Pt(lll) [15.17, 18] are the substrate surfaces. 
In these systems usually two monolayers of Ag form first on the substrate 
surface, and then flat Ag islands grow in the (111) orientation. The growth 
of Ag on these substrates has been studied in ultrahigh vacuum by scanning 
electron microscopy (SEM) and by scanning tunneling microscopy (STM). 
Condensation of Ag is complete (except at the highest temperatures studied, 
T > 750 K), while the nucleation density for creation of the islands is a strong 
function of substrate temperature. The critical nucleus size is in the range of 
6-34 atoms, increasing with substrate temperature. 

In the SK growth mode of the discussed heteroepitaxial pairs, strain has 
an important effect. This is confirmed through comparison of the experi- 
mental data on (surface diffusion energy) for the Ag-on-Pt(lll), Ag-on- 
Ag(IIl) and Ag-on-Pt(Ill) covered with 1 monolayer of Ag. The respective 
values of Ed^ the energy responsible for the growth of islands on the surface, 
increases considerably with strain. It is equal respectively to O.I6eV, O.IOeV 
and 0.06 eV, for these systems [15.2]. There are, however, some open ques- 
tions concerning the Ag-on-metal systems. These concern the way in which 
the transition from 2D nucleation to 3D nucleation occurs. It is well known 
that the 2D-3D transition occurs when the nucleation processes are essen- 
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tially complete. It is also known that the steps on the surface have a big effect 
on atomic motion within the first layer of Ag, but much less on top of this 
stable layer. The more perfect the substrate, the flatter the islands are. Most 
probably this is related to the difficulty of islands growing in height, without 
threading dislocations which may be generated at steps. 

Among the material systems growing by the SK mode in heteroepitaxy, 
metals-on-semiconductors have gained the greatest interest because of their 
application in semiconductor device structures (mainly in microelectronic and 
optoelectronic devices). However, the main emphasis in the heteroepitaxial 
growth of these material systems is put on getting the 2D grown layer as 
thick as possible, which means getting the FM growth mode instead of the 
naturally occurring SK mode. We have already shown in Sect 15.1.2 how the 
interfactants Au or Ag may be used for this purpose. 

It is worth mentioning that hydrogen passivation of the dangling bonds 
on the semiconductor surface, e.g., when growing Ag on a Si(lll) surface, 
improves considerably the flatness of the metallic film [15.10]. Figure 15.3 
shows this effect schematically [15.19]. In summary: 
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Fig. 15.3. Schematic illustration of the growth modes derived from heteroepitaxy 
of Ag on a bare Si(lll) surface, at the growth temperature 300° C (top) and at 
room temperature (RT) (middle), and on the H-passivated Si(lll) surface at 300° C 
(bottom) (taken from [15.19]) 
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(i) For the growth at room temperature, hydrogen passivation signifi- 
cantly suppresses the rotational disorder of the Ag(lll) epilayers, often 
observed when growth is performed on clean Si(lll)-(7x7) surfaces 

(ii) While on a clean surface and at higher growth temperature (300° C) 
Ag growth proceeds by the SK mode, i.e., rather thick Ag islands 
nucleate and develop, after the completion at one monolayer of the 
2D growth, exhibiting a surface structure {^/3 x \/3), growth at 300°C 
on the Si(lll) surface terminated with atomic hydrogen (hydrogen 
passivated surface) changes the growth mode into the FM mode, with 
much thinner Ag islands predominantly of the so-called A-type (islands 
epitaxially oriented according to the relation Ag(lll) [112] J_ Si (111) 
[ 112 ]). 

(iii) The persistence of a 0.5 -0.3 monolayer thick hydrogen film at the 
substrate-epilayer interface has been observed even after deposition of 
16-20 monolayers of Ag at RT and at 300° C [15.10]. 

The next important material system, grown by the SK mode is the 
semiconductor-on-semiconductor heteroepitaxial system. Growth of hetero- 
structures by this mode, with controlled geometry of the 3D-nucleated is- 
lands, has great importance from the point of view of the technology of 
so-called quantum dot structures. This subject has already been widely dis- 
cussed in this book, thus, the reader is referred to Sect. 11.5.1 for more 
information. A most recent result is described in more detail in Sect. 15.2.2. 



15.2 Peculiarities of Heteroepitaxy of Selected Material 
Groups 

Each pair of materials for substrates and epilayer has its special properties 
depending on lattice mismatch, chemical bonds, crystal structure, and ther- 
mal expansion coefficient, to mention only a few of them. So, the selection of 
special groups is a very subjective choice and reflects the special interest of 
the authors. However, we tried to choose materials which are in our opinion of 
wider interest since they are still under intensive investigation and discussed 
in the actual literature. 

The first group is GaN grown on different substrate materials with differ- 
ent growth methods. The optimum substrate has not yet been found and the 
discussion between hexagonal and cubic GaN is still open. The second group 
are IV- VI compound semiconductors, well known as small gap materials with 
many applications for optoelectronic devices in the infrared. Finally, we will 
discuss a fairly new group of materials, the organic semiconductors, which 
caused a small revolution in the last decade. The challenging problem with 
this class of materials is their Van der Waals type of bonds, which needs a 
totally new concept for epitaxy, because of the extremely low sticking coeffi- 
cients of the molecules. That means that usual growth techniques like MBE 
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or MOVPE, working far from thermal equilibrium, must be replaced by meth- 
ods close to thermal equilibrium supporting the Van der Waals character of 
the bonds. 

15.2.1 Group III Nitrides 

The number of papers published on group III nitrides has exploded in the 
last decade because of their technological interest. Most of the work has 
concentrated on the hexagonal nitrides especially GaN. Fortunately there 
exist a number of excellent review paperswhich deal with all the aspects of 
hexagonal nitrides and their application [15.20-25]. Recently also hexagonal 
InN, because of its revised low optical band gap, came into the focus of 
interest [15.26,27]. Recent news in this field can be found in the world wide 
web [15.28], but a more comfortable approach for the newcomer in this field 
is the recently published handbook on nitride semiconductors [15.29] 

All group III nitrides form, besides the hexagonal crystal structure, also 
the thermodynamically less stable zincblende modification, the so-called 
sphalerite or cubic group III nitrides [15.30,31]. It has the advantage of the 
cubic structure and therefore can be grown on (001) substrates. The cubic 
symmetry eliminates also the piezoelectric fields occuring in the hexagonal 
structure, a fact which makes the interpretation and analysis of optical and 
electrical properties more simple. A certain disadvantage of c-GaN is however 
that a small fraction of the thermodynamically more stable hexagonal mod- 
ification might occur in the sample. Nevertheless, c-GaN blue LEDs grown 
on GaAs(OOl) have been reported recently [15.32,33]. Less papers have been 
published on the cubic GaN and therefore we will concentrate here on them 
in following the review by D.J. As [15.34]. 

For electronic devices like high electron mobility transistors (HEMTs) 
C-GaN has the potential of a high saturated electron drift velocity. This 
property could increase its applicability for high frequency devices. The large 
band gaps of these nitrides further predestines them also to be used at high 
temperatures and high powers and their chemical stability enables applica- 
tions in hostile environments. Finally, cubic III nitrides are mainly grown on 
GaAs or Si substrates, which further enables possible future integration of 
III nitrides with advanced GaAs or Si technology. 

The metastable zincblende structure has a cubic unit cell, containing four 
group III atoms (Al, Ga, In) and nitrogen atoms. A lattice picture of GaN 
is shown in Fig. 15.4, taking into account the different diameters of the atom 
species. 

The position of the atoms within the unit cell is identical to the diamond 
crystal structure; both structures consist of two interpenetrating face centered 
cubic (fee) sublattices, offset by one quarter of the distance along a body di- 
agonal. Each atom in the structure may be viewed as positioned at the center 
of a tetrahedron, with its four nearest neighbors defining the four corners of 
the tetrahedron. The main difference from the stable hexagonal structure 
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Fig. 15.4. Ball and stick model of the zincblende structure of cubic GaN [15.34] 



is the stacking sequence of close packed diatomic planes. Whereas for the 
hexagonal structure, the stacking sequence of (0001) planes is ABABAB in 
the <0001 > direction, the stacking sequences of (111) planes is ABC ABC 
in the <111> direction for the zincblende structure. This difference occurs 
due to an eclipsed bond configuration of the second nearest neighbors in the 
wurtzite structure while in the zincblende structure the bonding configura- 
tion is staggered. 

One immediately sees in Fig. 15.4 that the size of the N-atom is much 
smaller than that of an group III element. This has important consequences 
for doping since the dopant has to fit to the replaced atom. Otherwise large 
deformations within the crystal structure may occur, which may hinder the 
incorporation of the dopant species, resulting in insufficient p- or n-type con- 
ductivity of the semiconductor. 

Since the natural structure is the hexagonal one, cubic substrates are 
needed as templates to force the III nitrides to grow in the cubic face. This fact 
also excludes homoepitaxy of cubic III nitrides, since no cubic bulk material 
exists. 

Unfortunately, no suitable lattice matched substrate is available. Cubic 
GaN has been deposited on a number of cubic substrates, including GaAs 
(001) [15.35-42], Si (001)[15.43-45], 3C-SiC (p-SiC) (001) [15.46-50], GaP 
[15.51, 52] and MgO [15.53]. All these substrates share the handicap of a very 
large lattice mismatch to the nitrides. In Table 15.1 the lattice parameters, 
thermal expansion coefficients and the calculated mismatches to c-GaN are 
listed. 

GaAs and Si offer significant technological advantages due to the high 
quality materials and their commercial availability. 3C-SiC, normally pre- 
pared by deposition on (100) Si, is the closest in lattice match to the nitrides 
and thus should in principle produce the highest quality GaN. Unfortunately, 
bulk 3C-SiC has been stopped being industrially produced a few years ago. 
For the realization of a vertically structured optoelectronic device like a light 
emitting diode (LED) or a laser diode (LD) one of the most important as- 
pects for the selection of a suitable substrate is the ability of the substrate to 
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Table 15.1. substrate lattice parameters, thermal expansion coefficient, lattice mis- 
match to c-GaN and thermal conductivity of prospective substrates for Ill-nitrides 
epitaxial growth. The lattice mismatch / is calculated / = (Usub — aGaN)/asub 



Crystal 


Reference 


Lattice 
constant a 

[nm] 


Thermal 
expansion 
coefficient a. 

[10-®K“b 


Lattice 
mismatch / 


Thermal 

conductivity 

[Wcm“^K-b 


C-GaN* 


Ponce [ 15.54] 


0.452 


4.78 


- 


1.3 


c-lnN* 


Ponce [ 15.54] 


0.498 


5.03 


0.092 


0.8 


c-AlN* 


Ponce [ 15.54 ] 


0.438 


4.56 


-0.032 


2.8 


3C SiC 


Briot [15.55] 


0.436 


2.7 


-0.037 


4.9 


Si 


Popovici [ 15.56] 


0.54301 


3.59 


0.168 


1.5 


GaAs 


Popovici [15.56] 


0.56533 


6.0 


0.20 


0.5 


GaP 


Strite [15.31] 


0.54512 


4.65 


0.17 


0.8 


InP 


Popovici [15.56] 


0.5859 


4.5 


0.229 


- 


MgO 


Popovici [ 15.56] 


0.4216 


10.5 


-0.072 


- 


MgA102 


Popovici [15.56] 


0.8083 


7.45 


- 


- 



*) The linear expansion coefficient for cubic nitrides is not available. How- 
ever, the lattice constants of cubic and hexagonal crystals are correlated by 



ttcubic = \/v3a^hexChex- The linear thermal expansion coefficient Ocubic is es- 
timated from the hexagonal values for the a and c axis o^ahex <^Chex by 

<^cubic — 1/3 • (2aahex +Q:chex)- The hexagonal values Oahex QJchex taken 
from [15.54]. 



be highly doped, both n- and p-type. From this point of view this restricts 
the substrates to be used to GaAs, Si and 3C-SiC. 

The use of the 3C-SiC substrate is prompted by the small lattice mis- 
match to c-GaN (—0.037) and the high thermal conductivity of 3C-SiC 
(4.9 Wcm~^K“^). However, due to the difficulties in the fabrication of cu- 
bic SiC bulk material, nowadays thick (>3 ttm) 3C-SiC epilayers grown on Si 
(001) substrates by plasma enhanced chemical vapor deposition (PECVD) are 
used instead [15.46-48]. For high power devices, where the thermal conduc- 
tivity of the substrate is very important, 3C-SiC will be the most appropriate 
material. 

Growth of GaN on silicon substrates offers a very attractive way to incor- 
porate future GaN devices onto silicon based integrated circuits. However, 
due to the large differences in lattice constant (mismatch 0.17) and thermal 
expansion coefficient, it is rather difficult to grow GaN epitaxially on Si sub- 
strates directly. The formation of amorphous Si^Ny inclusions at the interface, 
which act as nucleation centers for the formation of hexagonal GaN, hampers 
the epitaxial growth of phase-pure cubic epilayers [15.45]. Thin (<5nm) 3C- 
SiC or GaAs interface layers are therefore necessary to prevent the formation 
of such Si^Ny inclusions. 

GaAs as a substrate for cubic GaN growth is motivated by the poten- 
tial for fabrication of heterostructure devices. Easy cleavage of laser facettes 
and the integration of GaN devices to the well developed GaAs technology 
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makes this substrate very attractive although the thermal stability at the 
high growth temperatures of about 700° C may be problematic. As seen in 
Table 15.1 the estimated thermal expansion coefficient Ofcubic of c-GaN is com- 
parable to that of the GaAs substrate reducing cracking and thermal strain 
effects. The lattice mismatch / of 20% is within the largest of the proposed 
substrates. For such large misfit systems, the assumption of elastic theory is 
no longer valid and a breakdown of epitaxial growth is expected, resulting in 
poly crystalline growth. However, recent results [15.35,36] showed that due to 
the occurrence of a coincidence-lattice mismatch /o = (ma^ub “ '^<^GaN)/'^^^sub 
the residual lattice mismatch is drastically reduced and epitaxial growth en- 
abled. In the case of c-GaN grown on GaAs the integers m and n are 4 and 5, 
respectively. Therefore, if m = 5 an additional lattice plan with a pure edge 
dislocation at the interface is incorporated into GaN. Transmission electron 
microscopy (TEM) measurements of the GaN / GaAs interface confirm this ex- 
planation. Thus, this heterosystem is close to true coincidence and an array 
of pure edge dislocations with a period of 5 GaN lattice planes can account 
for the entire misfit. The residual lattice misfit /o at growth temperature was 
estimated to be as low as 0.002 zb 0.0002. The various thin-film deposition 
methods used for the growth of cubic GaN and other group III nitrides have a 
number of advantages for addressing different issues in order to utilize the full 
potential of the cubic III nitrides for optoelectronic as well as electronic de- 
vices. However, it still requires significant progress for device applications in 
the areas of heteroepitaxial growth, crystal structure, substitutional doping, 
reduction of extended defects as well as point defects, alloying phenomena, 
and the formation of homo- and heteroj unction structures. 

Halide vapor phase epitaxy (HVPE), which uses a chloride transport 
method, was developed 1969 by Maruska and Tietjen [15.57] and is char- 
acterized by high growth rates. This may enable the growth of thick cubic 
GaN epilayers with significantly reduced misfit related defects close to the 
surface and can be used as pseudosubstrate material for metalorganic vapor 
phase epitaxy (MOVPE) and molecular beam epitaxy (MBE) [15.58]. How- 
ever, this technique was abandoned in the early 1980s because of apparent 
difficulties in reducing the native shallow-donor concentration to nondegen- 
erate levels and thus enabling p-type doping. 

The first application of MOVPE to grow hexagonal III nitrides was re- 
ported in the mid-1980s [15.59]. Up to now, it is the most popular method 
to grow multilayer device structures of hexagonal III nitrides and is the only 
technique used for commercial III nitride production. 

For cubic group III nitrides, however, only recently has MOVPE been 
successfully used [15.60,61]. The precursors used for III nitride growth are 
trimethyl-gallium (TMGa) or triethyl-gallium (TEGa), trimethyl- aluminium 
(TMAl) and trimethyl-indium (TMIn) for the group III elements and ammo- 
nia (NH 3 ) or 1 . 1 -dimethylhydrazine (DMHy) for nitrogen. The carrier gases 
are typically either high purity hydrogen, nitrogen or a mixture of both. In 
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most cases GaAs substrates are used [15.60-62]; however, also 3C-SiC [15.63] 
are reported as substrates. Typical growth temperatures for c-GaN and c- 
AlyGai_yN (y < 0.3) are between 900°C and 950°G and for In^Gai_xN 
between 700°G and 770°G [15.64]. Growth rates of c-GaN are in the order 
of about 240 nm h~^ [15.65]. 

Doping in MOVPE is done in situ from the gas phase. For n-type doping 
by Si, silane (SiH 4 ) is used as precursor. In this way free electron concen- 
trations up to 10 ^^ cm~^ are conveniently reached at room temperature in 
hexagonal GaN. Mg is the most suitable p-type dopant and can be intro- 
duced via the precursor bis-cyclopentadientyl magnesium (Gp 2 Mg) up to a 
concentration of a few 10^^ cm~^. However, for activating the acceptors a 
post-growth heat treatment either by low-energy electron beam irradiation 
(LEEBI) [15.66] or in N 2 atmosphere at temperatures around 700°G are 
necessary [15.67]. Up to now no detailed studies on p- or n-type doping of 
cubic group III nitrides by MOVPE were reported. However, Tanaka et al. 
managed to grow a cubic GaN p-n homojunction [15.68]. 

The growth of GaN and group III nitrides by MBE (see Ghap. 7) requires 
the development of appropriate nitrogen sources, as molecular nitrogen (N 2 ) 
does not chemisorb on Ga due to its large binding energy of 9.5 eV. To solve 
this problem different approaches are currently reported for the growth of cu- 
bic and hexagonal group III nitrides. The first approach is the use of gaseous 
sources like ammonia (NH 3 ) or 1 , 1 -dimethylhydrazine (DMHy). This kind of 
MBE is also called reactive ion molecular beam epitaxy (RMBE). In fact, the 
use of NH 3 which dissociates at the growth front in a surface catalytic process 
has recently become fashionable after it was shown that high quality layers 
could be obtained with this method [15.69,70]. However, this compound is 
quite thermally stable and as a result limits the growth temperature signif- 
icantly. Therefore, lower growth temperatures, such as those needed for low 
temperature nucleation buffers or for layers containing In, cannot be grown 
as easily with NH 3 [15.71]. DMHy has higher reactivity than NH 3 and is 
expected to produce better quality crystals [15.39]. 

The second approach utilizes plasma- activated molecular nitrogen via DG 
plasma sources, electron cyclotron resonance (EGR) plasma sources or radio 
frequency (RE) plasma sources. DG plasma assisted MBE was successfully 
applied for the growth of cubic GaN [15.72]. However, due to the low growth 
rate of 10-30 nm h“^, imposed by the limited nitrogen flux of the DC source, 
the synthesis of a 1 pm thick film would require approximately 50 hours, 
making it almost impossible to achieve stable growth conditions throughout 
such a run. In addition with increasing layer thickness the surface morphology 
became rougher and due to the formation of < 111 > facets which serve as 
nucleation sites for the hexagonal phase, phase purity got worse. 

Compact MBE-compatible EGR sources are commercial available. EGR 
sources rely upon coupling of microwave energy at 2.45 GHz with the reso- 
nance frequency of electrons in a static magnetic field. Such coupling allows 
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for ignition of the plasma at low pressures and powers, and produces a high 
concentration of radicals. In an ECR source approximately 10 % of the molec- 
ular nitrogen is converted into atomic nitrogen. Because these sources operate 
very efficiently at fairly low powers, they are usually only cooled by air. A 
typical growth rate of GaN achieved with an ECR source is about 200 nm h”^ 
but it can be raised up to 1 |imi h“^ if exit apertures with a large number of 
holes are used [15.73]. A detailed description of the design and principle of 
operation of microwave plasma-assisted ECR sources is given by Moustakas 
[15.73]. 

Radio frequency (RE) plasma sources are among the most common 
sources in MBE growth of III-V materials. Nitrogen plasmas are generated by 
inductively coupling RF energy at a frequency of 13.56 MHz into a discharge 
chamber filled with nitrogen to pressures of > 10~^ mbar. The discharge 
tube and the beam exit plate can be fabricated from pyrolytic boron nitride 
(PBN) avoiding quartz, which may be a source of residual Si or O doping 
of GaN. These sources are believed to produce significant concentration of 
atomic nitrogen. Due to the very high power used in this type of sources, up 
to 600 W, the plasma chambers usually must be water cooled. RF sources 
permit growth rates up to about 1 |um h~^ and have become available by a 
number of vendors. 

The different species of N produced by various kinds of plasma discharge 
may also have a profound impact on the growth kinetics, depending on 
whether the impinging species is an ionized molecule (Nj) or atomic N 
in an excited state (N*). In a recent study by Myers et al. [15.74] using 
a quadrupole mass spectrometer, two different RF-plasma sources (Oxford 
Applied Research CARS-25 and EPI Vacuum Products Unibulb) were com- 
pared. These sources typically produce a complex mixture of active nitrogen 
superimposed on a background of inert molecular nitrogen. Whereas, the Ox- 
ford source produced primarily atomic nitrogen with little indication of the 
presence of molecular metasbles, the EPI source produced significantly less 
atomic nitrogen, but a significant flux of molecular nitrogen metastables. As 
pointed out by Newman [15.75], different compositions of the plasma are rel- 
evant for different mechanisms controlling the growth and the decomposition 
of GaN. Ionic and neutral atomic nitrogen can take part in growth and de- 
composition in contrast to the molecular nitrogen metastables, which mainly 
contribute to growth. This may explain the relatively low growth rates with 
atomic nitrogen sources. In addition, both atomic and metastable molecular 
nitrogen contain signiflcantly more energy than required for GaN formation. 
Incorporation of atomic nitrogen releases this energy into the lattice where it 
can drive unfavorable reactions. In contrast, the excited molecule can incor- 
porate one atom into the growing GaN while the other desorbs, carrying away 
the excess energy. Therefore, the selection of the plasma source influences the 
growth rate, surface morphology and optical and electrical properties of the 
resulting epilayer. 
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Fig. 15.5. Surface reconstruction of cubic GaN (001) as a function of growth 
temperature and N/Ga flux ratio, (taken from [15.34]) 




Single phase c-GaN epilayers were reported by Schikora et al. [15.36] 
using an MBE system equipped with elemental sources of Ga, In, Al, As, Mg, 
and Si. As nitrogen source a RF-activated plasma was used. Before starting 
the c-GaN nucleation, a GaAs buffer layer was grown first at 600° C under 
(2x4) reconstruction to ensure As-stabilized conditions. The nucleation of 
C-GaN was initiated at the same substrate temperature using an N/Ga flux 
ratio of about 4. After deposition of 10-20 monolayers (ML), the nucleation 
stage was stopped and the substrate temperature subsequently raised to 680 - 
740° C. The static GaN (001) surface exhibits a clear (2x2) reconstruction 
during this period. The growth was continued at the higher temperature 
level varying the N/Ga flux ratio and the substrate temperature. The growth 
process was monitored continuously by RHEED. 

The reconstruction of the growing surface is controlled mainly by surface 
composition. Figure 15.5 depicts the surface reconstruction diagram of c- 
GaN measured during growth. The V /III flux ratio is plotted versus growth 
temperature. In this ratio, the flux rate of atomic N is related to the Ga flux 
rate. It was found by mass-spectroscopic measurements that the effective 
flow of atomic N arriving on the surface amounts to 1-7% of the N 2 -beam- 
equivalent pressure, mainly dependent on the total flow rate and the RF 
power applied. In addition to static (2x2) reconstruction, c(2x2) and (2x2) 
reconstructions as well as an unreconstructed (1x1) surface were observed 
during growth, in accordance with other published results [15.39,72]. At 
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high excess of N, the unreconstructed (1x1) surface is stable. Under Ga- 
stabilized conditions, a c(2x2) reconstruction appears; layers grown at such 
conditions show n-type conductivity in Hall-effect measurements [15.76]. The 
(2x2) reconstruction is associated with N-stabilized conditions giving rise to 
p-type behavior. In a narrow range between the c(2x2) and (2x2) regime, 
both reconstructions occur simultaneously with different intensities of the 
reconstruction lines, indicating a nearly stoichiometric adatom coverage. At 
a temperature lower than 680° C , this requires an N/Ga flux ratio larger than 
1. For substrate temperatures higher than 700° C , Ga re-evaporation becomes 
significant. The Ga loss from the surface must be compensated to stabilize 
stoichiometric conditions. Therefore, the N/Ga ratio decreases. 

Due to the metastability of the cubic phase of GaN the structural perfec- 
tion of epitaxial layers of this material is extremely sensitive to the growth 
parameters. It hgis been found that only slight deviations from the ideal stoi- 
chiometric growth conditions can influence the structural [15.77] and optical 
properties, and the type of conductivity [15.76] of undoped c-GaN. Ga excess 
at the surface favors the formation of Ga droplets and pm-size crystalline in- 
clusions [15.78], which are detrimental to the epilayer surface morphology. 
In addition, at Ga-rich conditions different types of surface irregularities are 
observed as a result of successive melt-back etching in GaN and GaAs and 
solution growth within Ga droplets due to the change of the saturation condi- 
tions of the liquid Ga phase on the surface of the growing film [15.79]. On the 
other hand N-rich conditions seem to enhance the probability of the forma- 
tion of inclusions with hexagonal crystalline structure [15.36, 72]. For all these 
reasons it is necessary to control the growth parameters during c-GaN MBE 
very accurately. To do this, a method which allows an accurate determination 
of the transition between the c(2x2) and the (2x2) surface reconstruction of 
C-GaN was developed [15.80]. The phase boundary which is measured with 
high accuracy is then used as a reference point to establish slightly Ga- or 
N-excess growth conditions. This method takes advantage of the fact that 
the transition between the c(2x2) and (2x2) surface reconstruction can be 
monitored by the RHEED intensity of the half-order reconstruction measured 
along the [IIO] azimuth [15.81]. Due to the narrow window of growth condi- 
tions resulting in c-GaN it is very difficult to obtain pure single-phase layers. 
So, it is very important to distinguish between the cubic and the hexagonal 
phase when analyzing the layer structure. 

The most common method to analyze structural properties of epitaxial 
films is high resolution X-ray diffraction. However, standard diffractometer 
uj — 20 scans are unable to detect hexagonal subdomains, since their c-axis 
may be tilted with respect to the cubic main axis [15.72,82]. Therefore, so- 
called “reciprocal space maps” have been used to measure hexagonal phase 
inclusions in c-GaN epilayers [15.72]. Layers grown under N-excess showed 
beside the cubic (002) reflex a pronounced diffraction peak which was at- 
tributed to an (lOII) reflection from hexagonal grains with their [001] axis 
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parallel to the [111] axis of the cubic phase. This result is in good agree- 
ment with the interpretation of RHEED patterns from c-GaN grown under 
N-rich conditions [15.36]. However, the X-ray intensity scattered by hexago- 
nal grains is small. Therefore, a high intensity of the primary X-ray beam and 
relatively long measuring times are required to detect the hexagonal grains. 
For cubic GaN epilayers on GaAs substrates a phase purity of better than 
99.9 % has been obtained. 

15.2.2 IV— VI Compound Semiconductors 

The group of IV- VI compound semiconductors distinguishes itself from the 
other frequently used II- VI and III-V materials by its enormously high dielec- 
tric constant [15.83]. This results from the structure of the lead salts which is 
close to a phase transition to a rhombohedral modification with ferroelectric 
properties. As an additional effect of the large dielectric constants, the scat- 
tering of charged carriers at ionized impurities is effectively screened. This is 
most pronounced in PbTe, for which carrier mobilities at low temperatures of 
several lO^cm^/Vs have been reported [15.84]. The effective screening due to 
the large dielectric constant makes the IV- VI materials quite insensitive to 
defects incorporated during growth or by post-growth fabrication techniques. 
All these properties make the IV-VI materials very much appropriate for the 
fabrication of Bragg mirrors to fulfill the boundary conditions, described in 
the next section, as closely as possible. Therefore, we will concentrate in the 
following on the material peculiarities of lead salts. 

First attempts to grow epilayers from IV-VI materials go back to 1950 
[15.85]. Vacuum deposition was used to grow on freshly cleaved NaCl sub- 
strates. However, the layers showed pronounced mosaicity and the quality was 
in most cases insufficient for device fabrication. A breakthrough was made by 
Holloway et al. [15.86,87], by vacuum evaporation of PbTe on BaF 2 single 
crystals. Further quality improvements were achieved by Lopez-Otero [15.88], 
who developed the so-called hot-wall epitaxy (HWE) (see Sect. 15.2.3), where 
growth is carried out close to thermodynamic equilibrium. The combination 
of several HWE systems in a single vacuum chamber allowed the growth of 
quantum wells [15.89-92] and diode lasers [15.93,94]. In spite of the remark- 
able success of HWE, research activities shifted in the 1980s more and more 
to MBE, which offers in contrast to HWE the full range of in situ control 
techniques like RHEED [15.95-97], AES [15.98,99] and scanning tunneling 
microscopy (STM) [15.100]. An excellent summary of peculiarities of growth 
of IV-VI semiconductors can be found in [15.101]. 

In IV-VI MBE, the main constituents (PbTe, PbS, PbSe, SnTe or SnSe) 
are usually supplied from compound effusion cells due to their evaporation 
as binary molecules. For the growth of the ternary alloys Pbi_xMxX, where 
Pb is partially substituted by a rare-earth or alkaline-earth element (M), 
the alloy components M are supplied from elemental sources due to the low 
vapor pressures of the M chalcogenides. Elemental chalcogen sources are also 
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required for retaining the right stoichiometry of the layers. Dopants such as 
Bi, T1 or Ag can be supplied from elemental as well as compound (Bi 2 Te 3 or 
Tl 2 Te) sources. For all effusion sources, operation temperatures are typically 
in the range of 300° C to 700° C . 

The substrate temperatures in IV- VI MBE are typically in the range of 
250° C to 350° C where a unity sticking coefficient of all materials except the 
chalcogens can be assumed. At temperatures above 380° C, a significant re- 
evaporation occurs from the lead salt layers, and the growth rates as well as 
layer composition become increasingly difficult to be controlled. At 450° C, 
the re- evaporation rate of the lead salt compounds is comparable to typical 
MBE growth rates. Since below 350° C the substrate temperature measure- 
ments with the usual thermocouple assembly is not very reliable, special 
substrate temperature calibration procedures are needed for precise know- 
ledge of the growth temperatures. Technologically, the design of IV- VI MBE 
systems is quite similar to III-V solid source MBE systems. However, since 
the electrical properties of the layers are much less affected by impurities 
incorporated during epitaxial growth, the vacuum requirements for IV- VI 
MBE are considerably relaxed and high quality lead salt layers have been 
obtained in MBE systems with base pressures of only a few times 10“^ mbar 
[15.102]. 

There exists a big variety of substrate materials for IV- VI epitaxy. The 
most commonly used are summarized in Table 15.2 together with the lattice 
constants and thermal expansion coefficients. None of the commercially avail- 
able substrates provides the ideal match to the IV- VI compounds. Therefore, 
the best choice depends on the given applications. 

In much of the early work, cleaved alkali-halide (NaCl or KCl) single 
crystal plates served as substrates for lead salt epitaxial layers [15.85]. These 
compounds provide the same crystal structure, have lattice constants not too 
different from that of the lead salts, and their natural (100) cleavage plane is 



Table 15.2. Material properties of narrow gap IV- VI semiconductors and their 
substrates 



material 


Lattice constant 
at 300K [nm] 


Thermal expansion 
coefficient at 300K [10“®K“^] 


BaF2 


0.6200 


18.8 


SrF2 


0.5800 


18.4 


CaF2 


0.5463 


19.1 


Si 


0.5431 


2.6 


GaAs 


0.5653 


6 


NaCl 


0.5640 


40 


KCl 


0.6290 


39 


PbS 


5.936 


20.3 


PbSe 


6.124 


19.4 


PbTe 


6.462 


19.8 
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also the preferred growth direction of the lead salt compounds. However, lead 
salt layers nucleate in the form of 3D islands, and exhibit quite high defect 
densities and electrical properties much inferior to that of bulk material. This 
is in part due to the very large differences in thermal expansion coefficients 
(see Table 15.2), which leads to the formation of micro cracks or even peeling 
of the epitaxial layers upon thermal cycling. 

Alkaline-earth fluorides, in particular BaF 2 , are much better suited for 
lead salt epitaxy, in spite of their different crystal structure (calcium fluo- 
ride structure). On the one hand, the lattice mismatch between BaF 2 and 
PbSe or PbTe is not very large ( — 1.2% and +4.2%, respectively). On the 
other hand, in contrast to all other substrate materials, the thermal expan- 
sion coefficients above 300 K are very well matched to that of the lead salt 
compounds. Therefore, the cooling from the epitaxial growth temperatures 
to RT or below does not produce large thermal strains in the layers, i.e., the 
layers are mechanically stable upon thermal cycling. Furthermore, BaF 2 is 
highly insulating and optically transparent well into the far-IR region. 

Like the alkali-halide substrates, BaF 2 substrates are usually obtained by 
fresh cleavage of thin plates from single crystal blocks. This produces the 
cleanest surface possible and besides outgassing, no further treatment is re- 
quired for epitaxial growth. Although the natural (111) cleavage plane of 
the alkaline-earth fluorides is different from the preferred (100) growth direc- 
tion of the lead salt compounds, the growth on clean (111) BaF 2 substrates 
usually yields perfectly (lll)-oriented epitaxial layers with no (lOO)-oriented 
secondary phases. Practical problems with alkaline-earth fluoride substrates 
arise from the fact that commercially available single crystals are produced 
mainly for optical applications and often do not meet the high quality stan- 
dards required for epitaxial growth. Based on the experience with several 
different commercial vendors, most large BaF 2 single crystals contain several 
small angle grain boundaries indicated by a slight splitting of the diffraction 
peaks in high resolution X-ray diffraction spectra. Even from the same ven- 
dor, the quality varies substantially so that often only selected crystals can 
be used. In addition, the cleavage of the BaF 2 substrates results in cleavage 
steps on the surface, which can be a problem for device applications. These 
cleavage steps can be removed by polishing [15.103]. 

Standard semiconductor substrates like Si and GaAs have also been tried 
for IV- VI heteroepitaxy. However, these materials have not only a different 
crystal structure, they also have much smaller lattice constants and smaller 
thermal expansion coefficients than the lead salt compounds (see Table 15.2). 
Thus, PbTe grown on 12.5 % lattice-mismatched GaAs (100) results in mixed 
(100)- and (lll)-oriented epitaxial layers for most growth conditions [15.104], 
and microcracks appear in the layers when subjected to thermal cycling 
[15.105]. Similar observations have been made for Si (100) substrates. How- 
ever, high quality lead salt layers have been obtained on (lll)-oriented Si 
substrates [15.106, 107] using thin group Ila fluoride as buffer layers, despite 
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the large lattice mismatch between Si and PbSe or PbTe of 11.3 % and 16 %, 
respectively. This is because misfit strain and strain due to differences in 
thermal expansion for growth in the ( 111 ) direction can be easily relaxed 
by gliding misfit dislocations. A different approach for lead salt growth on 
Si(lOO) substrates is the use of rare-earth chalcogenide (e.g., YbS) buffer 
layers [15.108]. In this case, strain is relaxed by a regular network of misfit 
dislocations formed by dislocation climb processes. Recently, other semicon- 
ductor substrate materials like CdTe (ao = 6.482 A), GaSb (ao = 6.086 A) 
and InSb (ao = 6.479 A) with better matching of the lattice constants and 
thermal expansion coefficients to the lead salts have also become commer- 
cially available. However, up to now, no lead salt growth studies on these 
new substrate materials have been reported. 

It is well known that three types of growth modes exist for heteroepi- 
taxial growth, depending on the free energies of the substrate-vacuum ( 75 ), 
substrate-overlayer ( 7 ^) and overlayer-vacuum interfaces ( 7 ), as well as on 
the differences in the lattice constants. (A detailed discussion on heteroepi- 
t axial growth modes can be found in Sect. 1.2 of this volume.) When 7 ^ is 
smaller than the sum of 7 ^ and 7 , nucleation of 3D clusters onto the substrate 
occurs. This so-called Volmer- Weber growth mode is present for lead salt de- 
position on most non IV- VI substrates such as BaF 2 , KCl, Si or GaAs. To 
obtain a smooth epitaxial surface, thick buffer layers have to be deposited 
on such substrate materials. When 7 ^ is larger than 7 ^+ 7 , homogeneous 2D 
layer-by-layer growth mode takes place. This type of growth mode is usually 
observed for IV- VI heteroepitaxy in the absence of a high misfit strain as 
is the case for the binary lead salts and their large bandgap ternary alloys 
where the ternary content is usually only a few percent. For highly mis- 
matched heteroepit axial systems, however, the uniform 2D epitaxial layer is 
not the lowest free energy configuration of the layer even if initially a 2D 
wetting layer is formed on the substrate. The reason is that the formation 
of a corrugated surface during growth allows a significant reduction of strain 
energy due to partial elastic strain relaxation perpendicular to the additional 
free surfaces thus created. As a result, highly strained epitaxial layers are fun- 
damentally unstable against surface roughening, i.e., after formation of a thin 
wetting layer coherent 3D islands are formed on the epitaxial surface. This 
corresponds to the so-called Stranski-Krastanov growth mode. Depending on 
the combination of IV- VI compounds the growth mode can change from a 
2D layer-by-layer growth, favorable for multilayers and superlattices, to a 3D 
growth resulting in the formation of quantum dot arrays. Particular examples 
were selected for this chapter leading to very interesting structures as well 
from the basic physics point of view as also from the possible application of 
such structures. 

Bragg Mirrors for the IR. Thin layers of dielectric materials are very 
common for antireflection coatings of optical components like lenses. Multi- 
layers of dielectric materials are mainly used as mirrors, especially for lasers. 
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These so-called Bragg mirrors are multilayer structures consisting of alternat- 
ing pairs of material with different dielectric constants. The high reflectivity 
is caused by multiple interference of the light partly reflected at the interface 
of the alternating materials. This interference effect has the following main 
advantages in comparison to metallic mirrors: 

(i) Bragg mirrors can be designed for a specific target wavelength and 

(ii) they exhibit very small intrinsic absorption resulting in reflectivities 
beyond 99 %. 

To obtain such excellent optical properties for Bragg mirrors the layers 
they consist of must fulfill quality criteria which are very challenging for the 
crystal grower. To prevent internal absorption, the single layers must be as 
transparent as possible, which means that the materials must be of high pu- 
rity without any defects giving rise to absorption processes. To avoid losses by 
scattering effects the interfaces between the layers must be perfect in terms 
of interface roughness. Since the layer thickness determines the target wave- 
length the growth rate must be controlled with high precision. . This can be 
achieved by optical monitoring as discussed in Sect. 10.3.5 in connection with 
Fig. 10.29 Examples of devices in need of such tight are vertical-cavity surface 
emitting lasers (VCSEL) [15.109-111], resonant-cavity light-emitting diodes 
(RCLED) [15.112-114], solar cells with enhanced efficiency [15.115], wave- 
length selective photodetectors [15.116-118] or Fabry-Perot filters [15.119]. 
The main effect of the Bragg mirrors in these devices is either an intensity 
enhancement of electromagnetic waves within the optical active medium or 
the fact that the optical resonators support only certain wavelengths. The 
design rules for dielectric Bragg interference mirrors can be found in the re- 
view by W. Heifi et al. [15.120] which was used also partly as a guideline for 
this chapter. 

Bragg mirrors for the IV- VI material system consisting of PbTe and 
Pbi_xEuxTe were grown by MBE on BaF 2 substrates [15.121]. The 
Pbi_xEuxTe ternary composition was determined by the PbTe to Eu beam 
flux ratio, and an excess Te 2 flux [15.122] was used to obtain the correct 
stoichiometry. The growth rate, which was calibrated by a quartz crystal mi- 
cro balance moved into the sample position, is typically around 2 |Limh“^ for 
PbTe while it decreases with increasing Eu content to 0.77 jiim h“^ for EuTe. 
From in situ reflection high-energy electron diffraction studies, the EuTe 
(111) surface shows a very strong tendency for (100) facet at ion due to the 
resulting lowering of the free surface energy and due to the lattice mismatch 
to the Pbi_xEuxTe layers amounting to 2%. As a result, 2D growth can be 
obtained only when the EuTe surface is kept close to the transition between 
the Eu- and Te-stabilized surface states, which can be easily distinguished 
because of their different surface reconstructions. For the Te/Eu beam flux 
ratio of 2 [15.123], this transition takes place at a substrate temperature of 
260° C . Therefore, the EuTe layers were grown at substrate temperatures of 
260±10°C whereas for Pbi_xEuxTe a growth temperature of 340°C was 
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used. As an example two different sample structures with different chemical 
compositions of the A/4 layers are presented in Fig. 15.6. 

Sample SI represents a structure, consisting of 32 Pbi_xEuxTe layer 
pairs with Eu contents of 1 % and 6%. The 1% layer was grown as a 
PbTe/Pbi_xEUxTe (x = 6%) short-period superlattice digital alloy with a 
4nm superlattice period and a PbTe/Pbi_xEuxTe thickness ratio of 5:1. Due 
to this digital alloy, the total number of layers is as large as 3230 for sample 
SI. The Bragg mirror was designed to match the band gap of PbTe at 77 K 
of 217 meV or a wavelength of 5.7 |Lim. To obtain maximum reflectivity for 
incidence of light from air the layer sequence starts with x = 6% on the 
BaF2 substrate. Due to the long target wavelength and the large number 
of A/4 layers required to obtain high reflectivity, the total layer thickness of 
SI amounts to 15.96 pm. For sample S2, A/4 layers of Pbo.93Euo.07Te and 
EuTe were used. This yields a much higher index contrast of 68 % and there- 
fore, high reflectivities can be achieved by a very small number of layer pairs. 
The total layer thickness of sample S2, a Bragg mirror with 3.5 periods of 
EuTe/Pbo.gsEuo.ozTe layer pairs and a target wavelength of 3.8 pm, amounts 
to only 2.55 pm. 

For structural characterization X-ray diffraction spectra of the samples 
were measured using a high resolution X-ray diffraction set-up with a Bar- 
tels primary monochromator and Cu radiation. The Qj^O diffraction 
spectra recorded around the (222) reflex are shown in Fig. 15.6. For sample 
SI the main characteristics of the diffraction spectrum in Fig. 15.6a are two 
main peaks from the Pbi_xEuxTe layers of the A/4 pair with a different Eu 
content. The peak splitting of only 257 arcsec indicates a different lattice con- 
stant of about 0.25 %. In addition, widely spaced satellite peaks from the 1 % 
Pbi_xEuxTe digital alloy superlattice are observed, but no satellite peaks 
from the periodic A/4 pair stacking are resolved due to the very large Bragg 
mirror periods of about 0.5 pm. The full width at half maximum (FWHM) 
of the diffraction peaks is about 99 arcsec. For S2 (Fig. 15.6b), the splitting 
between the EuTe and the Pbi_xEuxTe SLO peaks of 1998 arcsec is about ten 
times larger than that for sample SI. The lattice constants derived from the 
peak positions indicate that each A/4 layer is almost relaxed to its bulk lat- 
tice constant in spite of the 2 % lattice mismatch between the layers. This is 
due to the fact that the thickness of the A/4 layers by far exceeds the critical 
thickness for strain relaxation. As a result, a high density of misfit disloca- 
tions is formed at each of the heterointerfaces, resulting also in a threefold 
broadening of the X-ray diffraction peaks to a FWHM of 300 arcsec. How- 
ever, as shown below, this does not degrade the very high optical quality of 
the mirror structure. 

The high lateral and vertical homogeneity of the grown mirror structures 
are demonstrated by the cross-sectional scanning electron micrograph (SEM) 
of a Pb0.94Eu0.06Te/Pb0.99Eu0.01Te layer stack in Fig. 15.7. This reference 
sample was first mesa etched with a Br/HBr/H20 solution and subsequently 
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Fig. 15.6. i?/20 X-ray diffraction spectra (Cu K^i) of the Bragg mirrors SI (a) 
and S2 (b) around the (222) reflection. The satellite peaks in (a) stem from the 
Pbo. 99 Euo. 01 Te A/4 layers, which were grown as PbTe/Pbo. 94 Euo.oeTe digital alloy 
superlattice with a period of 40 A (taken from [15.120]) 




Fig. 15.7. Cross-sectional SEM of the 
cleaved edge of a 20 -period Pb0.99Eu0.01Te/ 
Pbo.94Euo.oeTe Bragg mirror sample. The sam- 
ple was selectively etched with a CH 4 — H 2 
plasma to enhance the chemical contrast (taken 
from [15.120]) 
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Fig. 15.8. Measured transmission spectrum (•) of a 32-period Pbo. 99 Euo. 01 Te/ 
Pbo. 94 Euo.oeTe Bragg mirror (SI) at 77 K. The inset shows the spectral region of 
the mirror stop band on an enlarged scale. The solid line represents the numerical 
result from the transfer matrix method (taken from [15.120]) 



selectively etched using a CH 4 /H 2 plasma in a barrel reactor. With this 
method, the layers with lower Eu content are etched deeper [15.124], and 
hence appear darker in the SEM image than those with higher Eu content. 
The left edge in the picture is the side wall of the mesa stripe which is wedge 
shaped due to the wet chemical etching process with the Br solution. 

The FTIR transmission spectrum of sample SI at 77 K is shown in 
Fig. 15.8. This mirror exhibits a pronounced stop band region centered at 
an energy of 1760 cm“^ (A = 5.7 pm) and exhibits a width of 80cm“^. As 
shown in detail in the inset of Fig. 15.8, a minimum transmission of about 
0.3 % is observed at the center of the stop band, corresponding to a reflectiv- 
ity exceeding 99 %. Such high reflectivities are well suited for VCSEL devices. 
The spacing of the Fabry-Perot fringes is very narrow due to the large to- 
tal thickness of the 32-period sample. The transmission cut-off at 2200 cm~^ 
corresponds to the fundamental absorption of the Pbi_xEuxTe layers with x 
= 1 %. The numerical calculation (solid line) is in very good agreement with 
the experimental data, apart from the slight deviation near the absorption 
edge region. This deviation at higher energies is indicative of a small inho- 
mogeneity of the layer thickness (below 1 %) in the measured area of the 
sample. 

Although the reflectivity of SI in the stop band is sufficient for laser res- 
onators, for probing the temperature behavior of lead salt devices, a much 
wider Bragg mirror stop band is desired. This can be achieved by using a 
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Fig. 15.9. Room temperature transmission spectrum of a three-period 
Pbo. 93 Euo. 07 Te/EuTe Bragg mirror (S2). The inset shows the region of the mir- 
ror stop band whose target energy coincides with the energy band gap of PbTe at 
room temperature. The solid line is the calculated transmission spectrum and the 
dots are the experimental results (taken from [15.120]) 



larger refractive index contrast in the case of sample S2. The room temper- 
ature transmission spectrum of S2 in Fig. 15.9 clearly shows the mirror stop 
band around the target energy of 2600 cm“^ (3.8|Lim). The spacing of the 
Fabry-Perot interference fringes is much larger than in the case of SI, due 
to the reduced total thickness of the Bragg mirror stack. The transmission 
minimum within the stop band, shown in the inset of Fig. 15.9 on an enlarged 
scale, is as small as that for SI, in spite of the small number of Bragg layer 
pairs of 3. In contrast, the width of the stop band of about 1300 cm“^ is 
16 times larger than that of SI. In particular, the stop band width is larger 
than the total band gap energy shift of PbTe and PbSe between room tem- 
perature and OK. 

Quantum dot superlattices. Great efforts were made to fabricate semi- 
conductor nanostructures because of their application potential in semicon- 
ductor devices like lasers. Apart from processing techniques involving litho- 
graphy and etching, the direct growth of nanostructures has evolved as a 
new promising approach [15.125,126]. It is based on the natural tendency 
of strained heteroepitaxial layers to spontaneously form coherent, dislocation 
free, three-dimensional (3D) islands after formation of a uniform 2D wetting 
layer with monolayer thickness [15.127-129]. The driving mechanism for this 
Stranski-Krastanov growth mode transition is the very efficient strain energy 
relaxation possible within the 3D islands by lateral expansion or compression 
in the directions of the free side faces [15.130, 131]. When the energy gained 
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is larger than the increase in free surface energy, this islanding transition 
leads to a lowering of the total free energy of the system. This is the basis 
of the fundamental Asaro-Tiller-Grinfeld [15.132, 133] instability of strained 
surfaces. 

Spontaneous coherent islanding has been studied for a large number of lat- 
tice-mismatched heteroepitaxial systems ranging from SiGe/Si [15.134-136] 
to III-V semiconductors such as InAs/GaAs [15.125,126,137], InP/GalnP 
[15.138] and GaSb/GaAs [15.139], the wide band-gap Ga, In, and Al-nitrides 
[15.140-142] and the II-VI compounds [15.143-145]. However, in this chap- 
ter we will concentrate on islanding in IV- VI compounds which was reported 
by Springholz et al. [15.146, 150]. Because of their coherent defect-free inter- 
faces, these quantum dots usually exhibit much better electronic properties 
as compared to those produced by lithography and etching techniques. In 
addition, very high dot densities up to 10^^ cm~^ can be easily obtained. 
On the other hand, the considerable variations in sizes and shapes within 
ensembles of self- assembled quantum dots has remained a critical issue for 
device applications because of the resulting inhomogeneous broadening of the 
electronic density of states [15.151,152]. In addition, self- assembled growth 
provides only limited control of the dot sizes, spacing and positions. 

Multi layering of self-assembled quantum dots can provide a possible route 
for improving the size uniformity and lateral order of the dots. Theoretical 
[15.146,153-155] as well as experimental work [15.146,156] has shown that 
within such multilayers, the elastic interaction of dots can lead to the forma- 
tion of long-range spatial correlation, which may lead to a lateral ordering 
and size homogenization of the dots as well. Self- assembled quantum dot su- 
perlattices consist of highly strained Stranski-Krastanov island layers that 
are separated by spacer layers with adjustable layer thickness. These spacer 
layers are usually closely lattice matched to the substrate or buffer material, 
i.e., during dot overgrowth, the driving force for strain-induced coherent is- 
landing is removed. As a result, a very rapid replanarization of the epitaxial 
surface takes place as soon as the Stranski-Krastanov islands are covered 
by the spacer layers. The starting surface for each new dot layer is there- 
fore completely smooth. On the other hand, the strong lattice deformations 
of the matrix around the buried islands produces a nonuniform strain dis- 
tribution on the epitaxial surface due to the large difference in the lattice 
constant between the islands and the matrix material. For a compressively 
strained island, the surrounding matrix is locally expanded, whereas it is lo- 
cally compressed around tensile islands. During the growth of the new dot 
layer, preferred dot nucleation takes place at the minima of the non-uniform 
strain distribution that is spatially correlated to the dot positions in the pre- 
vious layer. As a result, long-range vertical dot correlations across the spacer 
layers are formed [15.149]. In quantum dot superlattices of IV- VI compounds 
a particular efficient lateral ordering of the PbSe dots takes place with the for- 
mation of almost perfect hexagonal 2D lattices of dots on the surface already 
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after a few superlattice periods. In addition, the layer-to-layer dot correlation 
for these IV~VI materials is not parallel but inclined to the growth direction 
resulting in a unique fcc-like vertical dot sequence. 

Thus, remarkable homogeneous trigonal 3D quantum dot crystals are 
formed, and their lattice constants can be tuned continuously just by chang- 
ing the spacer layer thickness. Samples were grown by MBE on several- 
micrometer thick PbTe buffer layers predeposited on (111) oriented BaF 2 
substrates. All superlattices consisted of five monolayers (ML) PbSe, alter- 
nating with Pbi_xEuxTe spacer layers with a thickness ranging from 300 to 
600 A and xeu — 0.05-0.1. The number of periods in the superlattices ranged 
from iV = 1 to 100. The growth rates were 0.08 and 0.96 ML/s for PbSe and 
Pbi_xEuxTe, respectively, and a substrate temperature of 360° C was used 
throughout all growth experiments. [15.150] 

During superlattice growth, the evolution of the surface structure was 
monitored in situ by reflection high-energy electron diffraction (RHEED). 
During the growth of the PbSe wetting layer, the RHEED pattern remains 
equal to that of the 2D Pbi_xEUxTe spacer layer. At the critical coverage of 
1.4 ML, weak chevron-shaped 3D transmission spots start to appear in the 
diffraction image. At 2.3 ML coverage, an abrupt transition to a 3D transmis- 
sion pattern takes place, and the specular spot completely disappears. During 
the dot overgrowth with the Pbi_xEUxTe spacer layers, these changes are 
completely reversed, and a 2D reflection diffraction image is recovered after 
about 200 A spacer thickness. Thus, a smooth 2D surface is restored once the 
PbSe islands have been buried by the spacer layer. This characteristic be- 
havior is reproduced during the growth of each superlattice period, and even 
after 100 periods, the same absolute intensity changes take place. In partic- 
ular, the critical coverage at which PbSe islanding occurs remains constant 
throughout superlattice growth. This indicates that the distribution of mate- 
rial between the 2D wetting layer and the 3D islands does not change within 
the superlattice stack. The lattice mismatch of PbSe with respect to PbTe 
is 5.5%. As a result, for PbSe deposition on PbTe (111), strain-induced 
coherent islands are formed on the epitaxial surface once a critical coverage 
of 1.4 ML is exceeded [15.147]. These islands have a pyramidal shape with a 
triangular base and steep (100) side facets [15.147]. 

After super lattice growth, the samples were rapidly cooled to room tem- 
perature to freeze-in the epitaxial surface morphology. The surface was im- 
aged by atomic force microscopy (AFM) directly after removal of the samples 
from the MBE system. AFM measurement were carried out using sharpened 
Micro- and Ultralevers of Park Scientific Instruments. Special image process- 
ing software was used for real space statistical analysis of the dot size distri- 
butions on the one hand, and for frequency space analysis of the degree of 
lateral ordering on the other hand. The vertical and lateral correlation of the 
dots in the superlattices were studied using high-resolution X-ray reciprocal 
space mapping. 
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Fig. 15.10. AFM images (3x3[jjn^) of (a) a single layer of self-assembled PbSe 
quantum dots and the last PbSe layer of a PbSe/Pbi-xEuxTe superlattice with 
(b) N = 10, (c) N = 30, (d) N — 100 periods. The inserts show the Fourier 
transformation of the AFM images (taken from [15.148]) 



Figure 15.10 shows a series of AFM images of the last uncapped PbSe dot 
layers of samples consisting of = 1,10,30, and 100 superlattice periods 
and a constant Pbi_xEuxTe spacer thickness of 470 A. 

For the single layer (Fig. 15.10a), the PbSe islands are distributed ran- 
domly on the surface without any preferred lateral correlation. With increas- 
ing number of superlattice periods, a rapidly progressing ordering of the dots 
occurs. Already after 10 periods, the dots are preferentially aligned in single 
and double rows along the <110> directions (Fig. 15.10b). Measurements on 
samples with less than 10 bilayers show that this ordering commences first 
with the formation of small patches of hexagonally ordered regions, which 
subsequently enlarge and join to form these row-type structures. With a fur- 
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ther increasing number of bilayers, increasingly larger ordered regions are 
formed (Fig. 15.10c). For samples with N > 30, the perfect hexagonal ar- 
rangement is disturbed only by single point defects, such as missing dots, 
dots at interstitial positions or, occasionally, by additionally inserted dot 
rows ( “dislocations” ) . 

The development of the lateral ordering was determined by Fourier trans- 
formation (FFT) (inserts of Fig. 15.10), as well as autocorrelation (AC) analy- 
sis of the AFM images. The FFT power spectrum of the N = 1 single dot 
layer AFM image exhibits a broad and diffuse ring around the frequency ori- 
gin. By fitting cuts through the ring in several directions with Gaussians, one 
obtains a mean peak position of about 12.5 |im~^, which corresponds to an 
average dot-dot distance of 800 A. In addition, the AC spectrum of the AFM 
image does not exhibit any structure outside the central maximum, indicating 
a lack of any preferred direction of the nearest neighbor dot position. 

In contrast, the FFT power spectrum of the 10 bilayer sample (Fig. 15.10b) 
clearly shows six well separated side maxima at a frequency of 14.5 pm~^. 
This corresponds to a mean spacing between the dot rows of 590 A. Six side 
maxima appear also in the AC spectrum, indicating that the next-nearest 
neighbors of the dots are along the <110> directions, with a preferred dot- 
dot distance of 680 A within the rows. Apart from the six side maxima, the 
FFT power spectrum also exhibits a well-defined ring at a spatial frequency 
of one third of the side peaks, and this ring also exhibits a hexagonal symme- 
try. From a closer inspection, it is found to be due to the missing rows in the 
dot arrangement. In analogy with the notation of superstructures on crys- 
talline surfaces, this dot arrangement can be referred to as a (3 x 1) missing 
row superstructure indicating that, on average, every third dot row is missing 
(see Fig. 15.10b). For the 30 and 100 period super lattices, the peaks in the 
FFT spectra sharpen drastically, and many higher-order satellite peaks are 
observed (Fig. 15.10c and d). 

The vertical correlation of the PbSe dots in the superlattices were charac- 
terized by coplaner high-resolution X-ray diffraction (Cu Kq,J, using a pri- 
mary Bartels monochromator and a secondary analyzer crystal to record the 
diffracted intensity as a function of the various diffraction angles. The inten- 
sity distribution in reciprocal space (reciprocal space maps, RSMs) around 
various bulk reflections was recorded. Figure 15.11 shows reciprocal space 
maps around the (222) bulk reflection recorded for two different azimuth 
directions within the surface plane. In the maps, the ordinate axis, is par- 
allel to the [111] surface normal, and the abscissa axes, parallel to [211] 
and [112] for Fig. 15.11a and b, respectively. In these measurements, a large 
number of satellite peaks not only normal, but also parallel, to the surface 
is observed. This clearly proves that the dot positions are highly correlated 
both laterally and vertically, creating a periodic lattice in all three directions. 

For the explanation of the X-ray data, a structural model was developed 
where the dots in each superlattice layer are laterally displaced with respect to 
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Fig. 15.11. Reciprocal space maps of diffracted intensity of a 60 period 
PbSe/Pbi-xEuxTe quantum dot superlattice with a superlattice period of 470 A 
recorded around the bulk (222) reflection. The squares indicate the expected in- 
tensity maxima for a fcc-like ABC ABC . . . vertical stacking sequence (taken from 
[15.148]) 



the dots in the previous layer. Because of the three-fold rotational symmetry 
and the identical lateral distance L between the dots in each superlattice 
layer, this in-plane lateral displacement must be equal to cos 30° along 
the [112] directions. This means that nucleation of the dots always occurs in 
the middle of three adjacent dots in the previous layer, as shown schematically 
in Fig. 15.12. 

This lattice exhibits an fcc-like ABC ABC . . . vertical dot stacking se- 
quence with a periodicity in growth direction that is three times larger than 
the superlattice period D. A detailed analysis of the reciprocal space maps 
shown in Fig. 15.11 allows us to calculate the distances and angles in real 
space for the quantum dot crystal. The lateral dot separation within the 
hexagonal planes in the trigonal lattice is equal to L = 580 ± 30 A, in good 
agreement with the AFM results, and the vertical separation of the dot planes 
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Fig. 15.12. Schematic illustration of the 
trigonal 3D lattice formed by the PbSe dots, 
(a) top view, (b) 3D representation. L is the 
dot distance within the hexagonal dot planes, 
D is the vertical separation of these planes, 
and a is the trigonal dot correlation angle 
(taken from [15.148]) 



is D = 470 zb 10 A. Thus, a trigonal lattice constant of ao = 610 zb 20 A and 
a trigonal angle of a = 39.5° is obtained. This non- vertical dot correlation 
and the ABC ABC . . . vertical stacking was also verified by cross-sectional 
transmission electron microscopy [15.157]. 

The excellent optical properties of Bragg mirrors (see Sect. 15.2.2) could 
be combined with the unique quantum dot crystals to fabricate vertical- 
cavity-surface-emitting lasers for the mid-infrared spectral region [15.158]. 
Narrow laser emission at 4.2-3.9|Lim induced by optical pumping was 
achieved up to temperatures of 90 K. At a wavelength of 3.1 pm, laser op- 
eration was obtained up to a temperature of 65° C [15.159]. 

15.2.3 Organic Semiconductors 

Research on conjugated organic systems is a rapidly expanding field at the 
interface between chemistry, condensed matter physics, materials science and 
device physics due to the promising opportunities for applications of these 
TT-electron semiconductors in electronics and photonics. Due to their interdis- 
ciplinarity, this class of materials attracted the attention of a large number of 
researchers and originated in the beginning of a revolution in “Organic Elec- 
tronics” . With an initial focus on the p- and n-doping of conjugated oligomers 
and polymers, the unique electrochemical behavior of these technological im- 
portant materials enabled the development of cheap sensors. Because of the 
progress toward better developed materials with higher order and purity, 
these organic materials are now also available for “organic electronic” de- 
vices. More generally, organic electronics includes now diodes, photodiodes. 
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photovoltaic cells, light emitting diodes, lasers, field effect transistors, electro- 
optical couplers and all organic integrated circuits and claims thereupon for 
key technology of the 21th century [15.160-162]. 

The area of conjugated organic semiconductors can be divided condition- 
ally into two large parts: conjugated polymers and small conjugated organic 
molecules. Conjugated polymers combine properties of classical semiconduc- 
tors with the inherent processing advantages of plastics and therefore play a 
major role in low cost, large area optoelectronic applications [15.163-165]. 
Unfortunately, polymer films are commonly highly disordered in the solid 
state and, consequently, show low charge carrier mobilities because of strong 
Anderson localization [15.166]. Therefore, an inherent part of research in 
the field of organic electronics focuses on small molecule systems, in which 
highly ordered crystalline structures can be achieved - in contrast to the 
disordered, often amorphous phases of the polymers. These molecules are 
additionally thermally stable up to 300- 400° C , can be obtained as pure ma- 
terials and processed in high- vacuum or ultra high- vacuum conditions. There 
is a number of papers about significant influence of structural order on the 
performance of thin film devices based on small molecules [15.167]. In partic- 
ular, the recent emphasis in research of conjugated oligomer films is founded 
in the correlation between the electronic structure [15.168] and charge trans- 
port through the active layer [15.169]. These studies are motivated by their 
implications on charge transport in organic field effect transistors (OFETs). 
It has been demonstrated (mostly for a-sexithiophene films) that the carrier 
mobility in OFETs can be significantly improved if the degree of order in all 
the film increases [15.170]. The correlation between degree of order and car- 
rier mobility was also found for thin film structures based on other molecules 
[15.171]. High order, implying enhanced charge carrier transport are also 
of major importance in other organic electronic devices: photodetectors and 
photovoltaic devices [15.172,173] and LEDs [15.174]. 

In addition to chances in device performance, well-ordered or single- 
crystalline molecular films allow the investigation of anisotropic optical and 
electronical properties of tt- conjugated systems [15.175,176]. It should be 
mentioned here that such phenomena are commonly not observed in con- 
jugated polymer thin films, which are usually disordered. Therefore, such 
investigations are also of considerable fundamental interest. The challenging 
task for the future is to grow epitaxial layers of high crystalline quality. The 
main difference between organic and inorganic materials with respect to epi- 
taxial growth is the different nature of the bonds. As explained in detail in 
Sect. 1.1 the inorganic materials are first physisorbed and then chemisorbed 
on the growing surface. In the case of organic materials only physisorption 
occurs because no chemical bonds are formed between the molecules. As a 
result, the growth process is governed by very weak bonds of Van der Waals’ 
type reflected by a very small sticking coefficient. That means that epitaxial 
growth of organic materials is performed usually at comparable low tern- 
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peratures. Many attempts have been made so far to grow organic materials 
on inert surfaces mainly by MBE. An extended overview can be found in 
[15.177]. MBE growth occurs in an open system far away from thermody- 
namic equilibrium. Especially in the case of Van der Waals epitaxy it would 
be a distinct advantage to use a growth method which works as close as 
possible to thermodynamic equilibrium, which would allow one to grow at 
relatively high vapor pressures of the organic material in the region of the 
substrate where the deposition occurs. 

A growth method which satisfies these conditions is a modification of the 
MBE, the so-called hot- wall-beam epitaxy (HWBE) [15.178]. In contrast to 
the MBE system, HWBE uses the near field distribution of effusing molecules 
at the orifice of an effusion cell [15.179]. The substrate can also be used to 
close the tube of the source like a lid forming a semiclosed growth system, 
which is then known as hot-wall epitaxy (HWE) [15.88]. HWE has proved 
a very successful growth method for organic materials like Ceo [15.179-181] 
and its Ba-containing compounds [15.182]. We will describe here these exper- 
iments in more detail. A quartz tube, with the source material at the bottom 
and the substrate on the top closing it tight with respect to the mean free path 
of the evaporated source molecules, is placed with three separated heaters into 
a high- vacuum chamber. The region of the growth reactor between source and 
substrate, called the hot wall, guarantees a nearly uniform and isotropic flux 
of the molecules onto the substrate surface. The advantage of such a closed 
system is the minimization of the loss of source material, which can be very 
important in the case of new organic materials which are not commercially 
available. To perform the doping experiments with Ba a slight modification 
of the HWE system was necessary to add a second evaporation source for a 
doping material to the usual growth reactor. 

A schematic cross-section of the improved HWE system can be seen in 
Fig. 15.13 together with a typical temperature profile along the quartz tube. 
The Ba doping source is contained in a concentric quartz ampoule and heated 
separately by oven 2. In that way the partial pressure of C6 q and Ba could 
be controlled independently. The C^q source material was at first 99.4% 
pure. It had to be cleaned from solvents and impurities by subliming the 
material three times at 550° C under dynamical vacuum of 1x10“^ mbar 
and by protecting it from visible light in order to minimize photo-induced 
polymerization. About 200 mg of the cleaned material was loaded into the 
HWBE system, which was enough to fabricate more than 50 epilayers with 
an area of 1 cm^ and an average thickness of 200 nm. The Ba-doping material 
was loaded in a glove box under nitrogen atmosphere into the quartz ampul 
to avoid any oxidation. 

As substrate material, sheets of mica were used because of the inert char- 
acter of freshly cleaved surfaces, free of unsaturated bonds which is in favor 
of Van der Waals epitaxy. The topmost layer of mica consists of potassium 
atoms forming a hexagonal grid with a periodicity which is close to the diam- 
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Fig. 15.13. Schematic cross-section of the HWE reactor to grow Ba-doped Ceo 
films together with a typical temperature profile (taken from [15.182]) 



eter of C^q molecules. Consequently epitaxial growth of Csq on mica should 
be initiated in the (111) direction. The mica sheets were cut into pieces 
(15xl5mm^), cleaved in air with an adhesive tape, and immediately trans- 
ferred into the vacuum chamber of the HWE system. The substrates, before 
being transfered into the growth reactor, were preheated in the HWE cham- 
ber for 1 h at 400° C in a separate oven to remove adhesives from the substrate 
surface. 

To grow pristine C^o epilayers, the substrate temperature was varied from 
100°C to 200°C , and the wall temperature from 340°C to 440°C . Out of this 
wide range of temperatures a set was selected which gave the best crystalline 
quality. The influence of the substrate temperature on the growth and crys- 
talline quality of C6o films was studied by varying the substrate temperature 
at a fixed source and wall temperature of 400° C . 

In Fig. 15.14, the rocking curve FWHM of the (111) reflex of €50 films, 
which are about 120 nm thick, is plotted as a function of Tgub- Regarding 
temperatures between 100° C and 200° C , the C6 q film grown at 140° C has a 
minimal FWHM of 200 ± 20 arcs, indicating a nearly perfect monocrystalline 
growth. For lower temperatures, there is a gentle increase of the FWHM, 
whereas for higher temperatures, a significant jump can be observed between 
180°C and 200°C . The 120 nm thick films grown at T^uh between 100°C and 
180° C exhibit a narrow Gaussian shape as shown in the inset of Fig. 15.14. 

The additional installed annealing oven allowed one to perform post- 
growth annealing processes without breaking the vacuum. The improvement 
in crystalline quality of the Cqq epilayers by annealing was investigated by 
HRXD. Typical rocking curves of an as- grown and an annealed C50 layer of 
the same thickness of 100 nm are compared in Fig. 15.15. The FWHM of the 
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Fig. 15.14. FWHM of the Ceo (HI) rocking curve versus the applied substrate 
temperature (taken from [15.180]) 



as-grown layer is 240 arcs, comparable with the results reported above. The 
improvement of the annealed layer, which was baked for 20 min at a tem- 
perature of 130° C , is documented by the decrease of the FWHM to 140 arcs 
and the increase of the peak intensity. The crystalline quality of the annealed 
Ceo was also tested by pole-figure measurements. Six sharp maxima indi- 
cated twin formation; however, the sharpness of the peaks, and the very low 
background signal were a clear indication of the high crystalline quality. 

For all doping experiments with Ba, the Ceo source temperature and the 
substrate temperature were kept constant at 400° C and 140° C respectively. 
To study the incorporation of Ba the Ba source temperature was varied be- 
tween 470° C and 750° C, resulting in Ba^Ceo compound layers. 

It is very important to notice that as soon as Ba was used in the growth 
reactor, the growth rate of the Ceo layers was mainly controlled by the Ba 
source temperature and only slightly dependent on the Ceo vapor pressure. 
Figure 15.16 shows the average growth rate of Ba-doped Ceo layers which 
were grown for 7h. For Ba source temperatures smaller than 600° C, the 
results follow an exponential function: for higher Ba temperatures saturation 
can be observed. This behavior can be interpreted by the assumption that 
the incorporated Ba causes a charge transfer to Coo [13.183] and controls 
the sticking coefficient for the Coo molecules that are always present as a 
surplus in the vapor. However, when the surface coverage of Ba is saturated, 
the growth rate also cannot be increased further. In that way the growth 
mechanism changes from Van der Waals epitaxy, which is typical of pure 
fullerenes, to a different mechanism resulting from a stronger bonding type 
evoked by the charge transfer. 
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Fig. 15.15. X-ray rocking curve of the (lll)-reflex for (a) as-grown and (b) an- 
nealed Ceo layers. The annealing time and temperature are inserted (taken from 
[15.182]) 




Fig. 15.16. Growth rate of Ba-doped Ceo layers as a function of the Ba source 
temperature (taken from [15.182]) 
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As a first example of organic molecules Ceo was discussed as a representa- 
tive of very symmetric molecules. In comparison an elongated small molecule 
with a pronounced axis like parasexiphenyl (PSP) should be described. This 
molecule consists of six carbon rings aligned in a straight direction and inter- 
connected at the corners of the carbon rings forming a so-called para linkage. 
Each dangling bond of the carbon atoms is saturated by hydrogen. There 
exist bulk crystals of this material with a monoclinic structure, in which the 
molecules are aligned parallel to each other with their long axis, the molec- 
ular planes are tilted from layer to layer forming a so-called herring-bone 
structure. Layers of PSP emit highly intense blue light making them very 
interesting for optoelectronic devices like LEDs. 

First attempts to grow thin films of PSP were made by physical vapor de- 
position on isotropic inorganic substrates like glass and GaAs. Even in those 
layers a high degree of order was found by high resolution X-ray diffraction 
[15.184]. Further improvement in structural order of PSP films was achieved 
by evaporation of PSP on rubbed layers of previously deposited PSP, serv- 
ing as an orientation-inducing layer. The results reveal that the orientation 
of the PSP molecules in the top layer is effectively influenced by the rubbed 
layer. The long axes of the PSP molecules are oriented parallel to the rubbing 
direction. However, the pole figure measurements document that the rubbing 
procedure does not determine the direction of all PSP molecules; a certain 
amount of crystallites possesses a different orientation [15.185]. 

The next step in increasing the structural order was made by MBE 
[15.186]. PSP molecules were evaporated on GaAs substrates with a mis- 




Fig. 15.17. Orientation of hexaphenyl molecules with respect to high index vicinal 
GaAs substrate surfaces for (a) the (10 0 1) plane and (b) the (110 2) plane parallel 
to the surface (taken from [15.186]) 
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cut of 2° relative to the (001) surface. After deoxidizing the substrates in As 
atmosphere, PSP was evaporated from an effusion cell heated to 230° C . Epi- 
taxial growth was found up to a maximum substrate temperature of 150° C . 
Changing the substrate temperature from 90° C to 170°C the island density 
increases following an Arrhenius law and the mean thickness of the PSP is- 
lands changes from 120 to 400 nm. The structural analysis of these islands 
was made by electron diffraction in a TEM. The diffraction patterns indicate 
that the growth of the hexaphenyl islands on the substrate is well defined. 
Figure 15.17 shows the orientation of the molecules with respect to the GaAs 
(001) substrate. The vertical orientation of the hexaphenyl molecules, shown 
in Fig. 15.17a, corresponds to the (10 0 1) contact plane. In Fig. 15.17b the 
molecular orientation corresponding to the (11 0 2) contact plane is shown. 
The molecular chains form an angle of about 40° to the surface of the sub- 
strate. 

To sum up the experimental evidence, two orientations of the hexaphenyl 
lattice relative to the substrate were found. They are characterized by con- 
tact planes of the type (10 0 1) and (11 0 2) and correspond to tilts of the 
hexaphenyl molecules of 0° and 50° relative to the substrate normal. Both 
orientations should be accounted for in terms of the hexphenyl structure and 
crystal growth mechanisms and hexaphenyl substrate interactions. 

Needle-like structures of PSP were also obtained by the mask-shadowing 
vapor-deposition technique, as shown in Fig. 15.18 [15.187]. PSP molecules 
were vapor deposited onto a KCl (001) surface kept at 150°C through a 
mesh mask having round holes of 0.6 mm in diameter, which faced the KCl 
substrate with an intervening space of 0.5 mm. A PSP film was formed under 
the holes of the mask and in addition needle-like crystals were formed in the 
shadowed region of the KCl surface. The orientation was orthogonal along 
the KCl [110] directions. The length of the needles becomes longer away 




Fig. 15.18. PSP needle-like crystals grown on KCl substrate by the mask shadow- 
ing vapor deposition technique (taken from [15.187]) 
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from the edge of the hole and reaches more than 100 pm. The growth of the 
needles is explained by a many-fold reflection of the PSP molecules between 
the substrate surface and the mask as schematically depicted in Fig. 15.18. 

Some portion of PSP molecules further intrudes and migrates into the 
shadowed region. Those molecules probably desorb from the surface because 
the temperature of the shadowed region is heated slightly higher than the ex- 
posed hole. Due to this temperature gradient, the molecules in the shadowed 
space would be repeatedly reflected on the KCl surface and the mask wall, 
intrude into the depth, and then settle at the growing edge of the needles. 
Under UV light excitation at A == 365 nm using a conventional inverse fluo- 
rescence microscope, the needles show a blue light emission with bright spots 
at the tips of the needles. When the excitation was focused on a local region 
with a round aperture, such a spotty radiation still occurred at the tips of the 
needles extending outside the excited region. The distance between the emit- 
ting tip and the excited edge reaches almost 50 pm. Since it is not believable 
that the excitons travel so long a distance in organic crystals, this can be at- 
tributed to the self-waveguided emission in the needle-like crystals. The light 
emitted at the excited region is conflned inside the crystal and propagated 
along the needle axis, then radiated from the tip. This self-waveguided effect 
is based on the uniaxial molecular orientation, and affected by the size and 
morphology of the needle-like crystal. The electron diffraction pattern taken 
from a single needle reveals that the molecular axis of PSP lies parallel to the 
KCl surface and is aligned perpendicular to the needle axis, as schematically 
shown in Fig. 15.19a. 

In order to prove this self-waveguided mode of the blue light emission in 
the needle-like crystals, the polarization of the emitted light was observed 
in the cross-section by standing the KCl substrate on a stage of an inverse 
microscope in the manner that the [110] direction of the KCl substrate was 
normal to the stage surface. The vertical sample surface was excited by the 
nonpolarized UV light using a bundle fiber which was set normal to the 
sample surface. The blue light emission from the crystals was collected by 
an objective lens of the microscope and introduced through a polarizer to a 
charge coupled device (CCD) multichannel spectrometer equipped to a side- 
port of the microscope. In this configuration, the fluorescent light is collected 
in the directions parallel or perpendicular to the needle axes of the PSP crys- 
tals, as schematically shown in Fig. 15.19a. When observed with polarization 
parallel to the substrate (F^||), the bright, spotty emissions were seen at the 
interface. On the other hand, they almost disappear when the polarization 
is vertically rotated (E±). Emission spectra taken at both polarizations are 
shown in Fig. 15.19b. The fluorescence intensity is much higher for than 
E±. The uniaxial orientation of the elongated PSP molecules in the needle- 
like morphology is a very suitable configuration to amplify the emitted light 
along the needle axis. Therefore, such structures are of great interest for a res- 
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(a) 



UV excitation 




blue light emission 




Fig. 15 . 19 . (a) Schematic representation for the orientation of PSP molecules in 
the needle-like crystals epitaxially grown on the KCl (001) surface and the config- 
uration of the polarized emission from the crystals, (b) Fluorescence spectra taken 
under the cross-sectional observation of the needle-like crystals with the polariza- 
tions of E\\ and respectively, shown in (a) (taken from [15.187]) 



onant self-cavity effect and a good candidate to realize blue lasing in organic 
materials. 

The manifold impingement of the PSP molecules caused by the shadow- 
ing of the mask described above is automatically given in an HWE system by 
the local equilibrium of the PSP vapor with the growing surface. Therefore, 
it is not surprising that similar needle-like structures were obtained for PSP 
growth on mica substrates by HWE [15.188, 189]. Mica is a layered material 
with well defined smooth cleaved surfaces and weak surface bonds, which 
are similar to the Van der Waals bonds of PSP. Under HWE conditions this 
prerequisite results in highly ordered structures of the deposited layers. The 
PSP material was evaporated at 240° C and the substrate was held at 90° C . 
During the deposition process the vacuum was of about 6x 10“^ mbar. The in- 
vestigated films were grown 60 min, which results in an average film thickness 
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Fig. 15.20. (a) transmission electron microscopy image of a PSP film in which 
the needle-like morphology is clearly visible, (b) Diffraction pattern taken from the 
darker spot in (a) (taken from [15.188]) 



of about 120 nm. The film morphology was imaged by AFM, which reveals the 
typical needle-like morphology. AFM line scans gave typical needle widths, 
heights and lengths of about 400 nm, 130 nm and more than 200 |Lim, respec- 
tively. Several samples were investigated via transmission electron diffraction 
(TED) whereby all gave essentially the same results [15.188]. A typical TED 
image is depicted in Fig. 15.20a. The positions as well as the relative intensi- 
ties of the diffraction pattern (Fig. 15.20b) are in excellent accordance with 
the crystal structure of PSP in the /?-phase. Therefore, further analysis by 
XRD-pole figure measurements (XRD-PF) is based on this crystal structure. 

In order to get more detailed information about the epitaxial relation- 
ships between the PSP layer and the substrate, XRD-PF measurements were 
performed at the four strongest reflections of crystalline PSP: (111), (112), 
(203) and (213). The obtained results are of unusual quality for epitaxial 
grown organic thin films in terms of reflection intensities and sharpness. In 
particular pole figures are significantly different from those obtained from 
small molecule films fabricated by physical vapor depositions [15.190-192]: 
the fiber textures are missing here, which confirms the epitaxial character of 
HWE films. The detailed analysis reveals only two crystallographic planes of 
PSP parallel to the substrate surface: (111) and (112). Within both orienta- 
tions, there are two antiparallel directions of the PSP crystallites. Moreover, 
the crystallographic (111) orientation is preferred. The simultaneous appear- 
ance of mica and PSP reflections enables an easy and accurate determination 
of the epitaxial relationships between the organic layer and the substrate: 
PSP (111) II mica(OOl), PSP [T2T] || mica [340] and PSP (112) || mica (001), 
PSP [20T] II mica [310]. 

Based on the TED and XRD-PF studies one was able to determine the 
orientation of PSP molecules on the mica surface as schematically depicted 
in Fig. 15.21. Please note that both crystallographic orientations - (111) & 



15.2 Peculiarities of Heteroepitaxy of Selected Material Groups 



463 



a) 









26.34 A 



b) 



I I ^ I t ^ 



9.S2A 




Fig. 15.21. Orientation of PSP molecules with respect to the (100) mica surface: 
(a) alignment of a single contact molecule in a side view; (b) parallel view; and (c) 
contact point lattice of the PSP molecules for the (111) orientation on an idealized 
hexagonal mica surface (taken from [15.193]) 



(112) II mica (001) - show a very similar alignment of the molecules relative 
to the substrate surface. Hence, only one of them - the (111) orientation - 
is shown. As demonstrated in Fig. 15.21a the long molecular axes are tilted 
by 5° with respect to the surface. This finding is also in good agreement 
with previous optical studies [15.193]. Only the lowest aromatic rings of the 
molecules are in contact with the substrate surface, as is visible in Fig. 15.21a. 
This fact can also be clearly seen in Fig. 15.21b, which shows the parallel 
view of the PSP molecules. It should be noted that the (111) plane is the 
cleavage plane of PSP. Since the contact molecules interact with the mica 
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Fig. 15.22. Polarized PL spectra of a PSP film at room temperature for excitation 
at 350 nm. Insert left: a schematic representation of the measuring geometry. Insert 
right: the angular dependence of the emission for excitation polarized at 90°. (taken 
from [15.193]) 



surface only at a single point, a contact point lattice can be generated on 
top of the mica grid as shown in Fig. 15.21c. The dashed line indicates the 
needle direction determined by combined TEM and TED investigations with 
an accuracy of ± 5°. The molecular axes (see the bold line in Fig. 15.21c) are 
nearly perpendicular to the needle direction, which confirms previous optical 
results [15.193]. 

One of the applications of such PSP layers is to develop LEDs with po- 
larized light emission. Obviously, a necessary condition for polarized elec- 
trolumienscence is polarized photoluminescence. In order to determine the 
polarization degree of the light emitted from these highly ordered PSP films, 
we performed photoluminescence (PL) measurements in a two polarizer ge- 
ometry for the pump polarization and probe polarization (Fig. 15.22 left, 
inset). Typical photoluminescence spectra are shown in Fig. 15.22. For all 
four permutations of polarizations the well-known PL spectrum (upper spec- 
trum) with three pronounced bands [15.194] is observed. The PL emission 
shows vibronic fine structures. The maximum of emission is observed if the 
excitation acts perpendicular to the direction of the “needles”, consistent 
with both UV-VIS absorption and IR reflection data. The dichroic ratio for 
90°-90° emission compared to 0°-0° is 14. The strong emission bands have 
the electric field vector component perpendicular to the film surface, indicat- 
ing that the PSP molecules are aligned not absolutely flat on the substrate, 
but are tilted slightly out of plane, which is in excellent agreement with the 
results obtained by XRD-PF measurements described above. 





16 . Closing Remarks 



Present day knowledge on epitaxy, the physical background of this important 
crystallization technique, as well as its implementation, have been presented 
in this book in a concise form. The authors idea was to make this presentation 
clear enough and sufficiently complete to convince the reader that epitaxy, 
with its modifications related to different materials systems, is still the basis 
for further development of already known, very sophisticated microelectronic 
device technology. 

Epitaxy has in the past decade made vital contributions in at least three 
areas of the technology of microelectronic devices. The first is closely related 
to MBE, in which the UHV environment and the therefore available electron 
based surface sensitive techniques enabled effective in situ control over the 
growth process at the atomic level in real time. A similar control was later 
achieved by optical methods for the VPE techniques especially MOVPE. 
The second is related to, so-called, surface technology, which enabled the 
preparation of substrate and thin film surfaces with specified orientation, re- 
construction, and composition, which are in addition effectively damage free. 
The third, and by far the most widely exploited area, is related to heteroepi- 
taxy, which is at present the technology of sophisticated heterostructures and 
quantum well structures with ID, 2D and 3D quantization. 

The experimental and theoretical data presented in this book allow one 
to conclude that epitaxy is certainly still an open and very broad subject 
of intensive scientific investigations. This conclusion mainly concerns aspects 
of epitaxy, which exhibit great application prospects. As examples, let us 
mention here: 

(i) atomic-scale control of growth processes in gas-phase as well as in 
liquid- or solid-phase epitaxy by submonolayer sensitive, noninvasive, 
real-time monitoring techniques, 

(ii) self-assembling processes during epitaxy as a way to monolithic inte- 
gration of microelectronic or optoelectronic devices, 

(iii) growth of large-scale functional matrix structures for addressed appli- 
cations, e.g., large lighting panels for billboards or illumination pan- 
els, by applying in sequence different epitaxial growth techniques, e.g., 
LPE, VPE and MBE, for different materials systems, e.g., semicon- 
ductors, dielectrics or/and metals. 

The epitaxial growth process is basically the very first and decisive in the 
manufacturing process of a device. Therefore an increasing number of pro- 
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duction systems is equipped with surface sensitive characterization techniques 
which are used for calibrating, monitoring and controlling the growth pro- 
cess, replacing in that way conventional time-consuming post-growth analysis 
methods. Among the noninvasive techniques, optical methods will become 
more and more important, because of their high content of information con- 
cerning growth rate and temperature, surface morphology and composition 
and doping efficiency in real time during growth, which allows one to con- 
struct a feedback loop to control and correct the growth process. Another 
advantage of optical in situ techniques is their compatibility with growth 
techniques in UHV like MBE as well as with methods working close to al- 
most atmospheric pressure like MOVPE. 

Rapid progress was achieved in the last fiew years in compound semi- 
conductor nanostructure technology as well in the top down (layer growth 
and structuring) as in the bottom up (self-assembly of quantum structures) 
techniques. This success provided the realistic hope of constructing novel 
nanoscale electronics based on quantum devices, in which quantum mechan- 
ically controlled motion of electrons within artificially made quantum struc- 
tures are directly used as their operation principle. Such nanoelectronics is a 
promising hardware candidate for next-generation information technology. 

One of the most recent developments in this field is the replacement of 
conventional logic gate architectures by hexagonal binary decision diagram 
quantum circuits. In this approach hexagonal nanowire networks are con- 
trolled by nanoscale Schottky gates to implement the binary decision diagram 
logic architecture. Such structures can be achieved by selective MBE growth 
on patterned substrates or by self-assembly on specially prepared vicinal sur- 
faces covered with a hexagonal network of surface steps with atomic height. 
Another new attempt to obtain nanostructures during growth is the geomet- 
ric deposition with directed molecular beams of compound semiconductors 
through shallow shadow masks as a means to obtain in situ nanostructures 
of 10 nm in diameter. The formation of such high density nanostructures is 
definitely a future challenge, because what works now in the lab on a small 
selected area must work in the production line on the whole diameter of a 
substrate in a homogeneous, reproducible and reliable way. To develop such 
techniques is a key factor for future progress towards high density circuits 
operating at room temperature. 

Many more examples of this kind could be given, and new ones can be 
found in daily news reports, which can never be covered by a standard text- 
book. Therefore, in conclusion let us emphasize that the whole material pre- 
sented in this book should give the reader a sufficient basis for further, deeper 
studies on epitaxy by reading the current international literature on this sub- 
ject. However, beside the excitement of the latest news, only if we try to 
understand the nature of the growth processes as deep as possible, can we 
artificially provide in our growth chambers those environmental conditions 
that nature does by herself what we want her to do. 
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List of Abbreviations 



a 


lattice constant 


a-~ 


amorphous ~ 


AFM 


atomic force microscopy 


ALE 


atomic layer epitaxy 


APB 


antiphase boundary 


APB 


antiphase domain boundary 


civ 


evaporation coefficient 


b 


Burgers vector 


BCF model 


Burton - Cabrera - Frank 


BEP 


beam equivalent pressure 


BET 


Brunauer - Emmett - Teller 


C 


concentration, constant 


c-~ 


cubic ~ 


CARS 


coherent anti-Stokes Raman scattering 


CBE 


chemical beam epitaxy 


CCD 


charge coupled device 


CG-mode 


columnar growth mode 


Cp 


specific heat 


D 


diffusion coefficient 


d 


thickness 


DRS 


differential reflectivity spectroscopy 


E 


energy, magnitude of electric field 


E 


electric field 


ECR 


electron cyclotron resonance 


ELO 


epitaxial lateral overgrowth 


/ 


misfit, /(...) sometimes short for function of . . . 


FET 


field effect transistor 


FFT 


fast Fourier transformation 


FME 


flow-rate modulation epitaxy 


FM-mode 


Frank-van der Merve growth mode 


FTIR 


Fourier transform infrared spectroscopy 


FWHM 


full width half maximum 


G 


Gibbs free energy 


GIXS 


grazing incidence X-ray scattering 


GSMBE 


gas source molecular beam epitaxy 


GW 


derived from: Greens function G, Coulomb Potential W 


H 


enthalpy 


HBT 


hetero bipolar transistor 
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HELO 

HPGS 

HREELS 

HSMBE 

HTSC 

HVPE 

HWE 

/ 

IRRAS 

ITDS 

J 

K 

ks 

L,l 

LADA 

LCAO 

LDA 

LDA 

LDH 

LED 

LEEBI 

LEED 

LG model 

LIE 

LIFE 

LLS 

LMBE 

LPE 

LPEE 

LPGS 

LRO 

LS 

m 

M 

MB model 

MBE 

MG 

MD 

MEE 

MFC 

MLE 

MOCVD 

MOMBE 



heteroepitaxial lateral overgrowth 
high pressure gas sources 

high resolution electron energy loss spectroscopy 
hydride source molecular beam epitaxy 
high temperature superconductor 

hydride vapor phase epitaxy, halide vapor phase epitaxy 
hot- wall epitaxy 
ion current 

infrared reflectance absorption spectroscopy 

isothermal desorption spectroscopy 

current density 

elastic constant 

Boltzmann constant 

length 

laser assisted deposition and annealing 

linear combination of atomic orbitals 

laser Doppler anemometry 

local density approximation 

low dimensional heterostructure 

light emitting diode 

low energy electron beam irradiation 

low energy electron diffraction 

lattice gas model 

laser-induced fluorescence 

laser-induced flash evaporation 

laser light scattering 

laser molecular beam epitaxy 

liquid phase epitaxy 

liquid phase electroepitaxy 

low pressure gas sources 

long range order 

light scattering 

mass 

molecular weight 

chemical potential 

Matthews-Blakeslee model 

molecular beam epitaxy 

Monte Carlo 

misfit dislocation 

migration-enhanced epitaxy 

mass flow controller 

molecular layer epitaxy 

metalorganic chemical vapor deposition 

metalorganic molecular beam epitaxy 
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MOS 


metal on semiconductor, metal-oxide-semiconductor 


MOVPE 


metalorganic vapor phase epitaxy 


N,n 


number 


Na 


Avogadro constant 


NSTL 


near surface transition layers 


OFET 


organic field effect transistor 


OMVPE 


organometallic vapour phase epitaxy 


P 


pressure 


PAMBE 


plasma assisted molecular beam epitaxy 


PBN 


pyrolytic boron nitride 


PED 


potential enhanced doping 


PEM 


photo elastic modulator 


PL 


photoluminescence 


PLD 


pulsed laser deposition 


PLE 


pulsed laser evaporation 


7Tp 


Peltier coefficient 


PRS 


p-polarized reflectance spectroscopy 


PSD 


power spectral density 


PSP 


parasexiphenyl 


PVD 


physical vapor deposition 


Q 


heat, deposition rate 


QD 


quantum dot 


QMS 


quadrupole mass spectrometer 


QWR 


quantum wire 


RAS 


reflectance anisotropy spectroscopy 


RBS 


Rutherford back scattering 


REMS 


reflection mass spectrometry 


RF 


radio frequency 


RHEED 


reflection high energy electron diffraction 


RMBE 


reactive ion molecular beam epitaxy 


RRS 


resonance Raman scattering 


RS 


Raman scattering 


S 


entropy 


SAG 


selective area growth 


SCF-LCAO 


self-consistent field - linear combination of atomic orbitals 


SDA 


surface dielectric anisotropy 


SDR 


surface differential reflectivity 


SE 


spectroscopic ellipsometry 


SEM 


scanning electron microscopy 


SF-mode 


step flow growth mode 


SHG 


second harmonic generation 


SILO 


strain induced lateral overgrowth 


SIMS 


secondary ion mass spectrometry 


SK-mode 


Stranski-Krastanov growth mode 
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SLM 


standard liters per minute 


SOI 


silicon on insulator 


SOM 


scanning optical microscopy 


SOS 


silicon on sapphire 


SOS 


solid on solid 


SPA 


surface photo absorption 


SPE 


solid phase epitaxy 


SPM 


scanning probe microspcopy 


SPS 


short-period superlattice 


SRO 


short range order 


SRPL 


spatial resolved photoluminescence 


SSL 


serpentine superlattice 


SSMBE 


solid source molecular beam epitaxy 


STM 


scanning tunneling microscopy 


T 


temperature 


TDS 


thermal desorption spectroscopy 


TE mode 


transversal electric mode 


TED 


transmission electron diffraction 


TEM 


transmission electron microscopy 


TLV 


threshold limit value 


TM mode 


transversal magnetic mode 


TMAl 


trimethylaluminum 


TMGa 


trimethylgallium 


TMIn 


trimethylindium 


TPD 


temperature programmed desorption 


TRR 


time resolved reflectivity 


TSK model 


terrace - step - kink model 


TSL 


tilted superlattice 


UHV 


ultra high vacuum 


V 


velocity, growth velocity 


VCSEL 


vertical cavity surface emitting laser 


VPE 


vapour phase epitaxy 


VSEPR 


valence-shell, electron-pair repulsion 


vuv 


vacuum ultraviolet 


VW-mode 


Volmer- Weber growth mode 


XRD 


X-ray diffraction 


XRD-PE 


X-ray diffraction pole figure measurements 


YBCO 


yttrium barium copper oxide 


ZMR 


zone-melting recrystallization 
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Element 


Chemical 


Name 


Short Name 


A1 


A1(CH3)3 


trimethylaluminum 


TMAl 


A1 


A1(C2H5)3 


triethylaluminum 


TEAl 


A1 


Al(C 4 Hg )3 


tri-iso-butylaluminum 


TIBAl 


As 


As(GH3)3 


trimethylarsine (trimethylarsenic) TMAs 


As 


AsH3 


arsine (arsane) 


AsHg 


As 


As(N(GH3)2)3 


trisdimethylaminoarsine 


TDMAAs 


As 


G 4 H 9 ASH 2 


tertiarybutylarsine 


TBAs 


Bi 


Bi(CH3)3 


trimethylbismuth 


TMBi 


Cd 


Cd(GH 3)2 


dimethylcadmium 


DMCd 


Cd 


Cd(G 2 Hs )2 


diethylcadmium 


DECd 


Ga 


Ga(GH 3)3 


trimethylgallium 


TMGa 


Ga 


Ga(C2H5)3 


triethylgallium 


TEGa 


Ge 


GeH4 


germane 


GeH4 


Hg 


Hg(CH3)2 


dimethylmercury 


DMHg 


Hg 


Hg(C2H5)2 


diethylmercury 


DEHg 


Hg 


Hg(C3H7)2 


di-iso-propylmercury 


DIPHg 


Hg 


Hg(C3H7)2 


di-n-propylmercury 


DNPHg 


Hg 


Hg(C4H9)2 


di-n-butylmercury 


DNBHg 


In 


In(CH 3)3 


trimethylindium 


TMIn 


Mg 


Mg(G5H5)2 


biscyclopentadienylmagnesium 


Cp2Mg 


N 


(CH 3 ) 2 NNH 2 


dimethylhydrazine 


DMHy 


N 


G 4 H 9 NH 2 


tertiarybutylamine 


TBAm 


N 


NH 3 


ammonia 


NH 3 


P 


C 3 H 7 PH 2 


iso-butylphosphine 


IBP 


P 


G 4 H 9 PH 2 


tertiarybutylphosphine 


TBP 


P 


P(CH3)3 


trimethylphosphine 


TMP 


P 


P(C2H5)3 


triethylphosphine 


TEP 


P 


PH 3 


phosphine 


PH 3 


S 


GH 3 SH 


methylthiol 


MSB 


S 


G 4 H 4 S 


thiophene 


G 4 H 4 S 


s 


H 2 S 


hydrogen sulfide 


H 2 S 


s 


S(CH3)2 


dimethylsulfide 


DMS 


s 


S(C2Hg)2 


diethylsulfide 


DES 


Sb 


Sb(GH 3)3 


trimethylantimony 


TMSb 


Se 


H2Se 


hydrogen selenide 


H2Se 


Se 


Se(G 2 Hs )2 


diethylselenium 


DESe 


Si 


SiH4 


silane 


SiH4 


Si 


Si2He 


disilane 


Si2He 


Si 


Si3Hs 


trisilane 


SisHg 
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Te 


(C3H5)Te(CH3) 


methylallyltelluride 


MATe 


Te 


H2Te 


hydrogen telluride 


H2Te 


Te 


Te(CH3)2 


dimethyltellurium 


DMTe 


Te 


Te(C2H5)2 


diethyltellurium 


DETe 


Te 


Te(C3H5)2 


di-n-propyltellurium 


DNPTe 


Te 


Te(C4H9)2 


di-tertiarybutyltellurium 


DTBTe 


T1 


T1(CH3)3 


trimethylthallium 


TMTl 


Zn 


Zn(CH3)2 


dimethylzinc 


DMZn 


Zn 


Zn(C2H5)2 


diethylzinc 


DEZn 




Index 



A 

absorption 

- free carrier 99, 263 

- heat 74 

- infrared 263 

- internal 442 

- optical 53, 100, 235 

- spectroscopy 192, 208 
acceptor 54, 186, 434 
accommodation coefficient 137 
activation energy 125, 338 
adatoms 373 

- diffusion 344 

- equilibrium concentration 347 

- incorporation 10, 321 

- mobility 9, 395 
admissible partial pressure 132 
adsorption 328^ 330, 379 

- chemical 137 

- energy 424 

- hydrogen 192, 361 

- isotherms 332, 334, 336 

- kinetics 234, 332 

- phenomenological 332 

- physical 137 

- rate limitation 195 

- statistical 334 
Ag 97, 424 

- heteroepitaxy 427 

- on Fe(llO) 427 

- on Pt(lll) 427 

- on Si(lll) 339,428 
AgAu alloy 424 
AI 2 O 3 see sapphire 
AlAs 

- GaAs/AlAs superlattice 39 

- monolayer oscillations 9 

- on GaAs 243 

ALE 121, 155, 253,254 



- GVD-like 126 

- process 121, 158 

- reactor 126 

- UHV 156 
AlGaAs 400 

- growth rate 151 

- heterostructures 32, 65, 250 

- LPE 71,318 

- multilayers 36 
AlGalnP 42 
AlGaN 411 
alloy 

- NiFe 97 

- non- magnetic 97 
AIN 97 

- buffer layer 59 

- cubic 432 

- heterostructures 169, 401 

- PAMBE 169 
AlSb 97 
amorphous 

- layer 15, 45, 48, 426 

- SixNy 432 

- silicon 51 

- sources 81 

angular momentum 212, 353 

- electron orbits 353 
anisotropy 

- effective mass 34 

- elastic parameters 307, 394 

- growth rate 406 

- interface 242 

- reflectance 9, 131, 231, 24O 

- strain 421 

- surface dielectric 238 
Anti-Stokes scattering 260 

- coherent 213 
antibonding orbital 357 
antiphase boundaries 17, 21 
antisite defect 72 

Arrhenius dependence 46, 338, 458 




508 Index 



Arrhenius rate equation 338 
atomic layer epitaxy see ALE 
atomic orbital Sbi 

- electron transfer 227 

- linear combination 353 
Au 97, 424 

- growth on KCl(lOO) 14 

- micro twins 21 

- on graphite 425 

- on MgO 425 

- on mica 425 

- on sapphire 425 



B 

band alignment 34 
bandgap 

- engineering 36 

- reduction by ordering 385 
BCF model 347 

beam equivalent pressure 144 
Bessel functions 241 
Bi2Tc3 97 
Bi4Ti30i2 97 

binding energy 7, 14, 162, 330, 338, 
380, 434 

Boltzmann equation 285 
bonding 

- covalent 186, 358 

- ionic 358 

- mechanism 362 

- metallic 289, 358 

- orbital 357 
bonds 

- at surfaces 360 

- chemical 358 

- dangling 361 

- interatomic 355 
boundary layer 150, 21 S 

- diffusion 274 

- theory 108 

- thermal 173 

- thickness 77, 108, 215 

- uniform 176 

Bragg and Williams approximation 
335 

Bragg mirrors 255, 441 

- infrared 441 

- PbEuTe 442 

Brunauer-Emmett-Teller isotherm 
334 

bubbler 181 



buffer layer 46, 58, 196, 344, 406 

- AIN 59 

- GaAs 161 

- Gain As 312 

- low temperature 434 

- PbTe 448 

- Si 168 

- SiGe 34 

bunching processes 344 
buoyancy force 116 
Burgers vector 17, 24, 391 



c 

c-GaN 430 

- surface reconstruction 436 
Geo 454 

CARS 213 

- folded BOXCARS 216 
catalytic cracker 148 
CBE 147, 185, 216, 225 
Cd 

- desorption 158, 340 

- II-VI compounds 143 
CdMnTe 158 

CdS 97 
CdSe 

- islands in ZnSe 309 

- QDs on ZnSe 307 
CdTe 21,97,139 

- ALE 156, 158 

- on GaAs 413 

- on sapphire 415 
CdZnTe 139, 158, 204 
chemical potential 103, 174, 269 

- adsorbate induced changes 15 

- entropy contribution 325 
chemisorption 137, 334, 363 
Clausing orifice transmission factor 

279 

closed-tube reactor 106 
columnar growth see growth mode 
compliant substrates 396 
condensation 

- 2D phenomenon 337 

- in MBE 138 
continuity equation 271-273 
correlation energy 370, 382 
coverage 138, 332 

- conformal 88 

- control 405 




Index 509 



- critical 448 

- oxide 194 

- partial 361 

- substrate surface 332 
cracker cell 133, 144 
critical 

- coverage 448 

- nucleus 1 1 

- radius 12 

critical thickness 31, 390 

- experimental data 394-396 

- heterostructure 314 

- theoretical treatment 391-394 

- wetting layer 309 
crucible 140,279 

- Knudsen-type 133 

- material 140 

- PBN 140 

- tipping 65 
crystallization 

- Kossel’s model 321 
CVD 81, 102 

- reactor models 109 



D 

dangling bonds 361 , 403 

- passivation 428 
defects 1 5 

- antisite 72 

- charged 56 

- crystalline 15 

- dislocation 15 

- hillocks 71 

- intrinsic 63 

- misfit dislocation 23, 389 

- native 197 

- neutral 56 

- pits 71 

- planar elastic 307 

- point 1^,63,309,433 

- stacking fault 15 

- superdislocations 22 

- twin 15, 19 
desorption 175, 379 

- Cd 340 

- gas 88 

- hydrogen 152 

- isothermal ~ spectroscopy 339 

- kinetics 234, 332 , 337 

- partial 158 

- rate 295, 333 



- Te 340 

- temperature programmed 338 

- thermal 136, 337 

- thermal ~ spectroscopy 338 

- Zn 205 
device 

- charge coupled 460 

- electronic 37, 54, 97, 135, 377, 430 

- heterostructure 102, 399, 432 

- high frequency 430 

- high power 432 

- nitride 186 

- optoelectronic 37, 54, 128, 317, 377, 
429, 442 

- organic electronic 452 

- performance 37, 72, 453 

- quantum 35, 466 

- scaling of structures 27 

- semiconductor 316, 428, 446 
DFT 368, 370, 386 
diamond structure 361 
dielectric function 237, 247 , 291 

- anisotropic 9, 238 

- surface 236 
diffraction 229 

- electron 60, 228, 230, 231 , 367 

- LEED 14, 228 

- RHEED 9, 131, 228, 231 , 442 

- transmission electron 425 

- X-ray 8, 161, 228, 230, 232 , 437, 443 
diffusion 174 , 271 

- adatoms 344 

- boundary layer 274, 320 

- coefficient 76, 109, 217, 319, 347 

- flux 272 

- gas velocity 106 

- length 233, 347, 378, 402 

- limitation 426 

- surface 27, 136, 281 
dipping 64 

dislocations 15, 16 , 18, 71, 390 

- edge 433 

- energy 390, 391 

- misfit 23 , 24, 257, 304, 389 , 441 

- positive Taylor 30 

- screw 323 

- threading 428 
disorder 49, 429 
disproportionation 103 
domain boundaries 

- antiphase 15, 21 
donor 54, 187, 433 
doping 54 
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- carbon 193, 243 

- highly doped layers 54 

- impurities 54 

- in-situ control 236 

- intrinsic 243, 435 

- ion- assisted 165 

- MBE 87 

- of polymers 452 

- of c-nitrides 434 

- of GaAs 166 

- of GaPAs 166 

- of Si 152 

- potential-enhanced 168 

- Si 167 

- uniformity 82 
driving force 

- crystallization 6 

- epitaxy 74, 268 

- LPE 63 

- surface reconstruction 373 

- surface segregation 15 
DRS 253 

Dupre’s relation 299, 323 



E 

ECR plasma 169 

- source 170, 434 

effective medium approximation 248 
effusion cell 86, 141-> 454 

- circular 144 

- conical 280, 282, 283 

- cylindrical 279, 280 

- Hg 143, 146 

- ideal 276,280 

- Knudsen 133, 276 

- liquid charge 283 

- silicon 145 

Ehrlich-Schwoebel barriers 344 
electroepitaxy 74 

- liquid phase 73 
electromigration 75 
electron 

- acceptors 186 

- affinity 359 

- beam heating 51, 133 

- correlation 369 

- density 370 

- diffraction 131, ^^<§,460 

- donor 187 

- escape depth 228 

- gas 382 



- gun 89, 231 

- irradiation 52, 434 

- mean free path 234 

- microscope 17,301,427,433 

- mobility 35, 75, 430 

- transfer 137, 227, 359 

- tunneling 226 
ellipsometry 131, 196, 235, 2^1 

- setup 249 

ELO 48,71,^t?5,406 
empirical 

- classical-potential model 368 

- tight-binding method 372 
energy 

- binding 7, 14, 162, 330, 338, 380, 434 

- dislocation 31,390 

- formation 377 

- Gibbs free 103, 268, 309 

- interface 7, 26, 296^ 403 

- internal 268 
enthalpy 103, 268, 285, 293 

- molar 309 

entropy 103, 268, 285, 292, 309, 325 
epitaxial lateral overgrowth see ELO 
epitaxial layer 

- application areas 35 

- coherent 28, 392 

- incoherent 28 

- relaxed 31 

- strained 30, 31, 313, 401, 407, 441 
epitaxy 

- approaches for study 267 

- atomistic description 267 

- definition VII, 3 

- driving force 74, 268, 270 

- ffow-rate modulation 253 

- halogen transport 102 

- hot wall 438, 454 

- interface formation 296-302 

- introduction 3 

- macroscopic 267 

- maximum quantity 270 

- migration enhanced 155, 159, 253 

- molecular layer 155, 159, 161 

- morphological stability 5*^^, 320 

- nucleation 11 

- phase locked 155 

- phase transitions 292 

- phenomenological 267 

- quantum mechanical treatment 267 

- solid phase 45 

- step-mediated 303 

- stochastic model 327 
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- structural evolution 330 

- surfactant mediated 405 

- tools for description 267 
equilibrium condition 269, 289, 395, 

405 

evaporation see also effusion 

- free 85, 340 

- Langmuir type 85, 340 

- rates 84 

evaporation source 88, 98, 140 

- cracker cell 133, 144 

- ECR plasma 169 
Ewald sphere 230 
exchange energy 327, 370, 382 
excimer laser 162, 197, 198 

- ArF 162 

- KrF 162 

- XeCl 162 

- XeF 162 



F 

Fe 97 
FeCl 2 81 
FETs 

- GaAs 37 

- organic 453 

finite element 113, 217, 402 

- calculation 223, 402 

- mesh 114 
fluorescence 460 

- laser induced 208, 211 

- multiphoton 216 
flux 

- angular distribution 280 

- calculated 282 

- diffusion 272, 349 

- MBE 87, 216, 278 

- measurement 204 

- net atomic 295 

- pulsed 254 

- transient 142 

- VPE 109 
FME 253, 254 
formation energy 377 
Frank-van der Merve see growth 

mode 

free energy 29, 441 

- 2D crystal formation 302 

- 3D crystal formation 301 

- Gibbs 103, 268, 284, 293, 309 

- mixing 285, 286 



- solution 285 

- surface 297, 382, 402 
Frumkin-Fowler’s isotherm 335 



G 

GaaO 81 
GaAs 

-FLO 71,406 

- FETs 37 

- GaAs/AlAs superlattice 39 

- GaAs/InAs superlattice 40 

- GIXS 233 

- homoepitaxy 195 

- low temperature growth 159 

- LPE 71,318,406 

- LPEE 76, 79 

- MEE 160, 254 

- nucleation 381 

- on Si 161 

- Peltier effect 77 

- RAS spectra 195, 244 

- reconstructed surface 362, 377 

- /32(2x4) 231, ^.^^,379 

- (4x2) 233 

- c(4x4) 233, ^^^,383 

- formation energy 378 

- SPE 54 

- surface bonding 362 
GaCl 81 

GalnAs 151,312 
GalnAsP 146 
GaN 

- AIN buffer layer 59, 60 

- cubic 4^0 

- drift velocity 430 

- FLO 406, 407 

- GIXS 233 

- growth process 61 

- growth rate 435 

- lattice mismatch 59 

- MOVPE 59 

- nucleation 60, 251 

- on sapphire 59 

- PAMBE 169 

- surface reconstruction 436 
GaP 

- FLO 71,406 

- GaP/InP superlattice 40,311 

- RAS 245 

- VPE 81 
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gas crackers 147 
gas delivery 181 

- system 184 

gas mixing system 153, 180 
gas source 

high pressure 147 

- low pressure 147 

- MBE 146 

- organometallic 148, 149 
GdaFes 97 
GdsFe50i2 97 

Ge 

- A-type 405 

- B-type 405 

- MBE 152 

- nucleation 405 

- on Si(OOl) 259, 403 

Gibbs free energy see free energy 
GIXS 9 , 232 
GaAs 233 

- GaN 233 

- surface sensitivity 228 
glow discharge 88, 89, 216 
graphoepitaxy ^15 

- capillary forces 418 

- growth mechanism 418 
“ principles 416 

- thermal relief 420 

“ topographic relief 418 
growth 

initial stage 74, 299, 323 

- monitoring 9, 209, 246, 249, 442 

- on vicinal surfaces 39, 344 ^ 389 

- selective area 154 

- temperature 186 
growth mode 

- columnar growth ^,13, 267 

- Frank- van der Merve ^,13, 267 

- island 6, 14, 195, 424 

- layer by layer 7, 14, 425 

- layer plus island 7, 426 

- step flow 6, 9, 13, 26, 195, 267 

- Stranski-Krastanov 6, 9, 13, 267 

- Volmer-Weber 6, 13, 267, 390 
growth rate 1 73, 272, 294, 295 

- ALE 122 

- AlGaAs 151 

- anisotropy 406 

- Arrhenius equation 338 

- GaAs 120, 175 

- GaN 435 

- HSMBE 153 

- HVPE 433 



- impurity-induced enhancement 55 

- InP 151 

- limitation 26, 175, 195 

- LPE 76 

- MBE 87, 109, 132 

- measurment 52 

- monitoring 185, 231, 255, 262, 442 

- MOVPE 171, 175 

- plasma MOVPE 198 

- SPE 46,52 

- uniformity 180 
growth temperature 

- GaN 59 

- graphoepitaxy 418 

- MBE 138, 139 

- MOVPE 174 



H 

halide VPE 433 
Hamiltonian 

- Ising 328 

- matrix 371 

- operator 327, 352 

- one electron 369 
hard heteroepitaxy 13,413 
Hartree energy 370, 371 
HBT 38,247 

heat transfer 82, 109, 141, 222 
heating 

- direct current 347 

- electron beam 51, 133 

- inductive 127 

- Joule 78 

- laser 51 

- Peltier 74 

- programmed 48, 51 

- radiative 51, 115, 172 

- resistive 145 

- RF 172 

- substrate 95 

- surface 100 
HELO 73,405 

Hertz-Knudsen equation 84, 296 
heteroepitaxy 4, 28, 389, 423 

- hard 13, 413 

- IV-VI 440 

- strained layer 303, 401 
heterogeneous reaction 191 
heterostructures 

- Ag/Pt 427 

- AlGaAs/GaAs 32, 146, 250 
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- AlN/GaN 169,401 

- GaAs/InAs 313 

- GaAs/Si 32 

- GaP/InP 313 

- GeSi/Si 133 

- graded index 41 

- highly strained 401 

- InGaP/InP 250 

- lattice mismatched 58 

- low dimensional 35 ^ 303, 348, 402 

- nearly lattice matched 390 

- peudomorphic 396 

- polydomain 303 

- Si/Ge/Si 403 

- SiGe/Si 32, 152 

- strained 394, 402 
HgCdTe 143, 146, 186 
HgTe 97, 143 
HgZnTe 143 

homoepitaxy 4, 25 ^ 324, 425 

- GaAs 195 

- nitrides 431 

- Si 26 

homogeneous reaction 191 
HREELS 263 
HTSC 99 

hydride source MBE 146, 152 

- gas source 148 
hydride VPE 59, 102 
hydrogen reduction 103 



I 

ideal solution 284 
III-V 

- ALE 128 

- laser 38 

- liquid compound solution 289 

- LPE 64 

- MBE 170,435 

- MOMBE 151 

- MOVPE 120, 172 

- nitrides 170 

- photo MOVPE 197 

- RAS 196, 243 

- solar cells 38 

- ternary compound 290 
impurity 

- effect on nucleation 14 

- incorporation 82 

- induced rate enhancement 55 

- point defects 16 



- segregation 52 
InAs 

- (110) surface 382 

- (Ill) surface 383 

- (Ill) surface 384 

- GaAs/InAs superlattice 40, 447 

- quantum dot 8,251,304,311,380, 
384 

- RAS 245 
InGaAs 

- growth on GaAs 399 

- growth on InP 243, 395 

- heterostructures 32 

- LPEE 73 

- MQW 400 
InGaN 410 
InGaP 250 

- ordering 385 
InN 251,430 
InP 

- (001)-H-(2x2) 377 

- GaP/InP superlattice 40 

- growth rate 151, 199 

- high purity 185 

- LPE 63 

- MOVPE 194 

- on GaAs 311 

- RAS 194, 244 

- calculation 246 

- wafer deoxidation 244 
InSb 97 

interface 

- abrupt 66, 250, 366 

- anisotropy 242 

- crystalline-amorph 4 ^ 

- energy 7, 26, 106, 296, 319 

- formation 296 

- gas-solid 109, 173 

- mixing 403 

- nonplanar 318 

- reaction 174 

- roughness 249, 442 

- solid-liquid 67 

- substrate-solution 74 

- velocity 55 
internal energy 268 
interphase exchange process 270 
ion implantation 4 ^ 

- damage 54 

- doping 165 

- high dose 46, 48 

- low energy 88 
IRRAS 263 
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Ising model 326 
islands 

- multisheet arrays 308 

- nucleation 195 
isotherm 

- adsorption 332 

- Brunauer-Emmett-Teller 334 

- Frumkin-Fowler’s 335 

- horizontal reactor 111 

- Langmuir 158, 333 , 336 

- vertical reactor 177 
IV-VI 

- bonding 360 

- Bragg mirrors 442 

- compounds 4^8 

- heteroepitaxy 440 

- MBE 438 

- small gap materials 429 



K 

kinetics 

- adsorption-desorption 234, 332 

- growth 308, 322 

- LPE 66 

- SPE 52 

- UHV ALE 159 

- LPE 71 

- step advancement 345 

- strain relaxation 401 

- surface 68, 131 

- surface diffusion 267 

- thermal desorption 337 
kink 14, 26, 322 , 346 , 419 
Knudsen cell 85, 133, 203, 276, 277 
Knudsen effusion equation 85, 278 
Kohn-Sham method 370 
Kossel’s model 321 , 403 



L 

Langmuir isotherm 158, 333 , 336 
Langmuir- type evaporation 85, 340 
laser 

- ablation 99 

- annealing 421 

- assisted deposition 98 

- Bragg mirror 441 

- distributed feedback 316 

- Doppler anemometry 217 



- excimer 162, 197 

- heating 51, 133 

- induced fluorescence 208, 211 

- interferometry 131, 139 

- light scattering 256 

- mask patterning 407 

- MQWR 42 

- multiquantum well 410 

- quantum well 35 

- quantum wire 39, 316 

- Raman spectroscopy 260 

- scanning optical micrographs 28 

- vertical cavity surface emitting 225, 
247, 442 

latent heat 292 , 319 
lateral ordering 

- driving force 313 

- quantum dots 447 

- strain induced 38,304,311 
lattice 

- 2D 366,413,447 

- bonding 355 

- cubic 416 

- hep 416 

- reciprocal 229 

- reconstruction 367 

- relaxation 367 

- sphalerite 416 

- strain 33 

- trigonal 451 

- vibration 293 

- wurtzite 416 
lattice gas 

- application of models 330 

- model 324, 326 

- solid on solid 327 

- solid-liquid type transition 325 
lattice match 29, 250 

- nearly 389 

lattice mismatch 3, 29, 304 

- GaN 59, 169, 432 

- heteroepitaxy 46 

- heterostructures 23, 58 

- IV-VI compounds 439 
LEEBI 434 

LEED 14 , 228 
linear combination 

- of atomic orbitals 353 

- self consistent field 368 

- of RAS spectra 246 
linear expansion 432 
liquid injection system 183 
liquidus 67, 290 
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LLS 256 
LPE 6, 63-80 

- 2D effects 68 

- compound semiconductors 69 

- drawbacks 66 

- driving force 63 

- ELO 71 

- growth system 64 

- implementation 69 

- kinetics 71 

- main features 71 

- morphological stability 318 

- multicompartment slider boat system 
64 

- multilayer growth 69 

- one dimensional model 66 

- Peltier induced 74 

- theory 66 

- tipping furnace system 64 

- transport process 66 

- vertical dipping system 64 
LPEE 73, 74 

- GaAs 79 

- growth cell 74 

- Peltier cooling 74 
luminescence 161,211,216,307,464 



M 

macrosteps 7 1 , 348 ,415 
magnetron sputtering 95 
mass flow controller see MFC 
mass spectrometry ^^^,341,435 

- in MBE 204 

- in MOVPE 205 

- modulated beam 140, 145 

- reflectance 131, 159, 205 
mass transport 109, 216, 271 

- between steps 348 

- growth limitation 175 

- lateral 5, 309 

- LPE 66 

- MBE 131 

- MOVPE 173 

- thermodynamics 267 

- VPE 271 

Maxwell distribution 295 
MBE 6, 131 

- calculated beam flux 283 

- computer-control system 134 

- externally assisted 164 

- flux distribution 278 



- gas source 146 

- growth system 134 

- high-temperature limit 139 

- hot wall 454 

- hydride source 152 

- low-temperature limit 138 

- mass transport 131 

- metalorganic 147, 150 

- modulated beam 155 

- plasma- assisted 169 

- principles 87 

- production systems 135 

- reactive ion 434 

- solid source 133, 276 

- surface bonding 362 

- surface processes 136 

- system 87, 240 

mean held approximation 335 
MEE 155, 159, 253 
metal oxide 54, 373 
metalorganic 

- compound 81, 102, 172, 263, 505 

- MBE see MOMBE 

- precursor see precursor 

- VPE see MOVPE 

MFC 151, 153, 181,250 
MgFc2 04 97 

MgO 424, 431 
microscope 

- inverse fluorescence 459 

- scanning electron 28, 301, 427 

- scanning probe 226, 348 

- scanning tunneling 226, 427 

- transmission electron 18, 37, 433 
Mie scattering 217 

MLE 155, 161 

- photoassisted 164 
Mo 97 

MOCVD see MOVPE 
MOMBE 14:7,150,21^ 
monitoring 

- growth rate 185, 249 

- layer thickness 122, 442 

- real time 241 

- surface 228, 377, 437 

- temperature 141 

- toxic gases 200 
monolayer oscillation 9, 161 

- GIXS 9, 232 

- RAS 9, 195 

- RHEED 9, 160,231,426 
Monte Carlo simulation 330 

- kinetic 379 
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morphological stability 316 

- function 318, 320 

- LPR 69,318 
MOS 97, 428 
MOVPE 6,102,171 

- cold wall 274 

- drawbacks 194 

- GaN 59,407 

- gas analysis 203 

- gas delivery 181 

- GIXS 232 

- growth rate 175 

- mass transport 173 

- morphological stability 320 

- nitrides 433 

- optical monitoring 239 

- photo assisted 197 

- plasma assisted 198 

- precursors see precursors 

- principles 120 

- reactor design 172, 176 

- reactors 

- planetary 179 

- vertical rotating disk 177 

- safety aspects 198 

- surface bonding 362 

- system 239 

Mullins-Sekerka theory 69, 316 
multi wafer reactor 150, 180, 239 
multicompartment slider 64, 70 
multilayers 

- AlGaAs 36 

- application areas 35 

- Bragg mirrors 442 

- interface anisotropy 242 

- LPE 65,69 

- PLD 101 

- silicon-on-insulator 48 

- strained structures 34 



N 

nanostructures VII, 446 

- ordered semiconductor 307 

- quantum dot 306 

- quantum wire 311 
Navier-Stokes equation 271 
Nb 97 

near surface transition layer 156, 320 
nitrides 

- cubic 430 

- ellipsometry 196, 250 



- group III 170, 186,430 

- heterostructures 401 

- hexagonal 430 

- linear expansion 432 

- MOVPE 433 

- PAMBE 170 

- PBN 140 
non invasive 

- analysis 466 
nucleation 3, 

- 2D 9,26,39,267,426 

- 3D 267, 300, 425 

- AlGaN 412 

- c-GaN 436 

- critical 154 

- epitaxial 13 

- GaAs 381 

- GaN 60 

- Ge 405 

- growth modes 301 

- heterogeneous 12, 389 

- homogeneous 12, 185 

- impurity enhanced 14, 55 

- islands 195 

- metallic films 94, 424 

- random 47 
nucleation layer 251 

- heterogeneous 16 

- interface formation 296 

- low temperature 434 
Nusselt number 118 



o 

OMCVD see MOVPE 
open-tube reactor 107 
optical 

- active medium 442 

- constants 250 

- fibers 263 

- gain 39 

- growth analysis 184, 194 

- micrographs 28 

- monitoring 196, 234^ 442, 466 

- near field microscope 226 

- penetration depth 100, 234 

- phonon 306 

- response 140, 195, 248 
orbital 

- antibonding 357 

- bonding 357 
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- d- 355 

- f- 355 

- formation 357 

- p- 186, 354 

- s- 354 

- sp^ 186, 360 
order 

- lateral 38, 313, 447 

- long-range 244, 324, 330 

- parameter 327 

- short-range 45, 244, 324 

- strain induced 38,304,311 
ordering 

- equilibrium 308 

- InGaP 385 

- kinetic controlled 6, 308 

- lateral 304 

- long range 313 

- PbSe islands 449 

- process 302 
organic 

- crystal 98 

- FETs 453 

- semiconductors 429, J^52 

- thin film 462 
oxide 

- films 99 

- magnetic 97 

- patterned 48,71,406 

- removal 28, 194 

- superconductor 99 



p 

PAMBE 169, 434 
parasexiphenyl 458 
partial pressure 217, 269 

- admissible 132 

- calculated 103 

- gaseous species 105, 181 

- precursor 174, 181 
particle flux 278, 344 

- calculated 283 
Pb 59, 427 
PbEuTe U2 , 451 

- Bragg mirror 442 
PBN i^(?,435 

PbS 360, 438 
PbSe 438, >^>^7 
PbSnTe 97 
PbTe 97, 360, J^38 
Pd 424 



PdAg alloy 424 
PdAu alloy 424 
Peltier 

- coefficient 74, 78 

- cooling 74, 75 

- effect 73, 77 
penetration depth 

- electron 228 

- optical 100, 23 J^. 

- X-ray 228 
phase diagram 

- Al-Ga-As 291 

- GaAs(OOl) homoepitaxy 196 

- GaAs(OOl) reconstruction 378 

- III-V ternary compound 290 

- liquid-solid 63, 288 
phase transition 28J^ 

- first order 293 

- gas-solid 295 

- in epitaxy 292 

- IV-VI compound 438 

- liquid-solid 294 

- second order 326 
Phillips-van Vechten dielectric theory 

291 

phonon 259^ 306 
photo-MOVPE 197 
photoassisted MLE 164 
photoluminescence 161, 396, 

- spatially resolved 71 
physisorption 137, 157, 338, 453 
pits 60, 71 

planetary reactor 176, 180, 239 
plasma 

- assisted GVD 28, 96, 101, 432 

- assisted MBE 169 

- assisted MOVPE 198 

- discharge 190, 435 

- EGR 169, 434 

- excitation 98 
PLD 91 

point defect 16^ 309, 433 

- extrinsic 16, 63 

- impurity 16 

- interstitial 450 

- intrinsic 16, 63 
Polanyi-Wigner equation 338 
precursor 

- activation energy 125 

- alkyls 188 

- bond strength 189 

- decomposition 190, 196, 216, 243 

- definition 171 
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- identification 263 

- liquid 182, 183 

- notation 185 

- partial pressure 174, 181 

- physisorbed 138 

- pyrolysis 185, 191, 192 

- reactions 190 

- simple molecules 187 

- vapor pressure 190 
precursors 

- alternative 172 

- AsHs 81, 146, 151, 162, 172, 181, 
189, 198, 253 

- C 4 H 4 S 185 

- Cp 2 Mg 434 

- DECd 189 

- DEHg 189 

- DES 189 

- DESe 189 

- DETe 185 

- DEZn 189 

- DIPHg 189 

- DMCd 185, 189 

- DMHg 189 

- DMHy 186, 433 

- DMS 189 

- DMTe 185, 187 

- DMZn 182, 185 

- DNBHg 189 

- DNPHg 189 

- DNPTe 185 

- DTBTe 185 

- GeH 4 152 

- H 2 S 189 

- H 2 Se 189 

- H 2 Te 189 

- hydrides 185, 198 

- IBP 187 

- MATe 185 

- MSB 185 

- NH 3 81, 181, 186,407,433 

- PHs 146, 151, 181, 189, 191, 198 

- SiH 4 81,152,434 

- SbHe 152 

- SEHs 152 

- TBAm 186 

- TBAs 163, 193, 206, 233 

- TBP 187, 193 

- TDMAAs 163 

- TEAl 189, 190 

- TEGa 151, 162, 163, 189, 195, 263, 
411,433 

- TEP 189 



- TIBAl 190 

~ TMAl 150, 151, 189, 411, 433 

- TMAs 189 

- TMBi 189 

- TMGa 119, 150, 162, 165, 172, 187, 
189, 192, 193, 195, 209, 233, 243, 253, 
263, 264, 377, 407, 433 

- TMIn 150, 151, 182, 185, 189, 433 

- TMP 189 

- TMSb 189 

- TMTl 189 
programmed heating 51 
propagation of steps 27 
pseudomorphic 

- growth 390 

- heterostructures 396 

- InGaAs 395, 398 

- SiGe 398 

- strained layers 33 
pseudomorphism 31,392 
Pt 97, 427 

PVD 81 

pyrolysis 185, 191 

pyrolytic boron nitride see PBN 



Q 

QMS 20^,341,435 
quadrupole mass spectrometer see 
QMS 

quantum boxes see quantum dot 
quantum dot 35, 429 

- arrays 441 

- equilibrium shape 385 

- formation 251, 304, 309 

- growth monitoring 251 

- InAs on GaAs 8, 251, 304, 311, 380 

- MBE 304 

- MOVPE 171 

- on different reconstructions 380 

- PbSe on PbTe 449 

- pyramid geometry 305 

- strain distribution 306 

- strain induced ordering 304 

- superlattices 446 
quantum mechanics 

- aspects 351-385 

- density functional 368 

- empirical classical-potential 368 

- empirical tight-binding method 372 

- framework 351-355 

- methods 368 
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- self-consistent field 368 

- tight-binding-depending 368 

- wave function approach 268 
quantum well 35 

- AlN/GaN 169 

- electron confinement 33 

- GaAs/AlAs 159 

- InGaAs/GaAs 396 

- laser 35,411 

- ordering 311 

- parabolic 250 
quantum wire 35 

- laser 38, 39, 316 

- lateral ordering 311 

- meandering 39 

- multiple 41 

- optoelectronic devices 36 
quasi-momentum conservation 260 



R 

radiation heat loss 142 

Raman scattering 220, 235, 259, 260 

- coherent Anti-Stokes 213 

- efficiency 260 

- setup 261 

- spontaneous 210 

- ZnSe/GaAs spectra 262 
RAS 9,131,194,240 

- during growth 194 

- GaAs(OOl) 195, 244 

- InP(OOl) 194 

- monolayer oscillation 9 

- of HBT structure 247 

- quantum dot formation 251 

- symmetry reduction 236 
rate limitation 

- kinetically 174 

- mass transport 174 
Rayleigh number 110, 118, 176 
reaction 

- equilibrium constant 104 

- gas phase 82, 127, 217, 272 

- heterogeneous 173, 191 

- homogeneous 173, 191 

- parasitic 185 

- precursor 172, 190, 203 

- products 174, 216 

- sequence 122 

- surface 63, 95, 125, 152 
reactor 

- barrel cold wall 83 



- chimney 116 

- closed-tube 106 

- cold wall 172 

- horizontal cold wall 83 

- multi wafer 82, 180 

- multi wafer 239 

- open-tube 107 

- planetary 176, 180, 239 

- upside-down 116 

- vertical “pancake” 83 

- vertical hot wall 83 

- vertical rotating disk 176 
reciprocal space maps 451 
recirculation cells 118 
reflectance 

- anisotropy see RAS 

- infrared 263 

- mass spectrometry 131, 159, 205 

- measurements 255 

- p-polarized 253 

- polarized light 236 
reflectometry 234, 255 

- time resolved 52, 253 
regular solution 284 
residual gas 131, 156 
Reynolds number 110, 118 
RF 

- heating 82, 172 

- plasma source 434 

- sputtering 95 

RHEED 9, 131, 228, 231, 254, 395, 442 

- monolayer oscillation 9, 160, 42Q 

- quantum dot formation 252 
Rutherford back scattering 58, 161 



s 

sapphire 59, 97, 140, 407 

- lattice parameter 413 

- window 162 

scanning probe microscopy 226 
scattering 

- carriers 438 

- elastic 229, 236 

- laser light 256 

- Mie 217 

- Raman 210, 220, 235, 259 

- Anti-Stokes 260 

- Stokes 260 

- Rutherford 58, 161 

- X-ray 228, 232 
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Schrodinger equation 

- time-independent 352 
Schwoebel effect 346 

second harmonic generation 236, 258 
selective area growth 154, 407 
self organization 40, 302^ 315, 380, 389 
self-consistent field 

- LCAO 368 
self-regulatory process 121 

short period superlattice 40, 311, 443 
Si 

- (100)-(2xl) 377 

- (lll)-(2xl) 375 

- (Ill)-(7x7) 376,426 

- amorphous 51 

- effusion source 145 

- ELO 406 

- homoepitaxy 26 

- MBE 152 

- multilayer silicon-on-insulator 48 

- silicon-on-sapphire 48 

- SPE 54 

- structure 374 

- surfaces 374 

SiC 60, 169, 407, 411, 

SiGe 25, 133, 152, 155, 310, 398, 447 

- SiGe/Si heterostructures 33^ 152 
SILO 38, 304, 313 

SiN 81,411,432 
slider 

- boat 319 

- multicompartment 64 

- seal 69 
SnSe 438 
SnTe 438 

solar cells 38, 129, 442 
solid phase epitaxy see SPE 
solid source MBE 133, 144 
solidus 66, 290 
solution 

- free energy 285 

- growth 66 

- ideal 284, 285 

- liquid 63, 268, 288 

- non ideal 269 

- regular 284, 286 

- regular model 291 

- saturated 183 

- self consistent 369 

- solid 169 

- substrate interface 74 

- supersaturated 63, 406 

- thermodynamic models 284 



SOS 48, 429 
SPA 237, 253, 254 
SPE 6 , 45 

- application areas 54 

- crystallization process 46 

- growth rate 52 
sputtering 88 

- apparatus 92 

- assisted discharge 89 

- bias- 88 

- magnetron 95 

- radio frequency 89, 407 
stability function 

- morphological 318, 320 
stacking fault lb, 18 

- Si(lll) surface model 375 
Stefan-Maxwell equation 272 
step 

- adsorption 26 

- advancement 344 

- kinetics 345 

- bunching 195, 251, 344, 348 

- cleavage 440 

- down configuration 346 

- dynamics 347 

- edge 137, 322 

- macroscopic 71,348,415 

- mediated epitaxy 303 

- monoatomic 9, 415 

- propagation 27 

- separation 232 

- step-step interaction 349 
step flow see growth mode 
sticking coefficient 132, 137, 166, 380 
STM 226, 348, 427, 438 

- in-situ 227 

- scanning head 227 
stochastic model of epitaxy 327 
Stokes scattering 260 

strain 33, 392, 398 

- distribution 

- nonuniform 447 

- quantum dot 304, 306 

- induced lateral order 38 

- quantum dots 304 

- quantum wires 311 

- misfit 30, 304, 390 

- tensor 306 

Stranski-Krastanov see growth mode 
stress 

- bending 398 

- biaxial 397 

- compressive 404 
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- heteroepit axial 311 

- misfit 382, 426 

- surface 268, 405 

- tensile 50, 404 

- tensor 307 

- thermal 6 
structural evolution 

- Monte Carlo simulation 330 
substrate deoxidation 194 
superdislocations 15, 22 
superlattice 

- GaAs/AlAs 39 

- GaAs/InAs 40,447 

- GaP/InP 40,311 

- ordered 21 

- PbSe/PbEuTe 448 

- PbTe/PbEuTe 443 

- periodicity 313 

- quantum dot 446 

- serpentine 38 

- short period 40,303,311,443 

- strained 411 

- tilted 39 

- type I 311 

- type II 311 
supersaturated 

- gas 108 

- medium 1 1 

- solution 63, 406 
supersaturation 6, 26, 74, 103, 106, 

270, 300, 347 
surface 

- bonding 157, 362, 461 

- catalysis 191 

- diffusion 27, 136, 193, 267, 281 

- free energy 297, 382, 402 

- periodically profiled substrate 317 

- photoabsorption 237, 253 

- reconstruction 125, 194, 2^3^ 367, 
372, 436 

- relaxation 366, 373 

- temperature 95, 100, 137, 185, 221, 
255 

- vicinal 9, 26, 344i 389 
surface coverage see coverage 
surface dielectric anisotropy 238 
surface process 137 

surface structure 365 

- physical principles 365 

- quantum mechanical approach 369 

- theoretical methodology 368 
surfactant 15, 402, 426 
susceptor 113 



- horizontal 113 

- rotating 82, 111, 177 

- temperature 109, 111, 177, 411 

- tilted 113 
symmetry 

- break 

- heterostructure 314 

- surface 236 

- bulk 385 

- cubic 310 

- hexagonal 196, 450 

- inversion 258 

- rotational 451 

- translational 366, 413 



T 

Ta 97 
Ta205 97 

TbFeOa 97 
Te 156, 158, 205, 342 

- desorption 340 

- precursors 185 
temperature 

- measurement 51, 109, 220, 236, 439 

- profiles 112, 118, 177, 222, 455 

- programmed desorption see 
thermal desorption 

terrace 9, 26, 245, 322, 425 
terrace-step-kink model 346 
texture 13 
thermal 

- boundary 112, 173 

- decomposition 103, 150, 206, 316 

- desorption 136, 332, 337 

- spectroscopy 338 

- diffusion 100 

- dissociation 81 

- equilibrium 125, 137, 172, 430 

- expansion 59, 429 
thermodiffusion 109, 216, 273 
thermodynamic aspects 267 
thermodynamics 

- basic concepts 268 

- crystal growth 292 

- equilibrium 280 

- mixing in solid phase 289 

- terminology 268 
Ti 97 

tight-binding-depending 368 
time resolved 

- Raman scattering 262 
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- reflectometry 52, 253 

- X-ray analysis 232 
tipping 64 
tipping crucible 65 
twins 15, 19-21 



u 

ultrahigh vacuum 50, 87, 131, 320, 
334, 427 

- ALE 156 

- CVD 33 
ultraviolet 

- irradiation 164 

- laser diode 410 

- light 164, 197, 460 

- light source 

- deuterium lamp 208 

- excimer laser 197 

- xenon lamp 208 
undercooled medium 11 



V 

vacuum ultraviolet 251 
VCSEL 225, 247, 255 
velocity 

- angular 135 

- azimuthal 111 

- distribution 272 

- interface 55 

- measurement 109, 217 

- prohle 108, 179, 217, 220, 275 
vicinal planes 9 

vicinal surface 26, 344 

- step dynamics 347 
Volmer- Weber see growth mode 
VPE 6, 81 

- hydride 102 

- mass transport 109, 271 

- metalorganic see MOVPE 

- reactor 

- barrel cold wall 83 

- horizontal cold wall 83 

- vertical “pancake” 83 

- vertical hot wall 83 



w 

wave function 268, 351, 369 
waveguide 316, 418 
WFe 81 

window 

- quartz 102, 162 

- sapphire 162 

- strain 239 
Wulff’s theorem 298 
wurtzite structure 359, 416, 431 



X 

X-ray 

- diffraction 8, 161, 170, 228, 232, 437, 
458 

- spectra 443 

- pole hgure 456 

- rocking curve 457 
xenon 14 

xenon lamp 208 



Y 

Y3Fe50i2 81 

YBCO 100 
YCI 3 81 



z 

zincblende structure 359, 374, 431 

- twinning plane 19 
Zn 143, 166, 374 

- desorption 205 
ZnO 60,97,417 
ZnS 97 

- structure 374 
ZnSe 21,307,417 

- on GaAs(llO) 262 

- Raman spectrum 262 
Zr 97 

Zr02 97 
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